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SROUND-WATER PROBLEMS IN NEW YORK AND NEW ENGLAND2 


Joseph E. Upson! 


ABSTRACT 


me ground-water problems in New York and New England involve only a 
‘mination of the occurrence and quality of water in geologic formations, 
stimates of the productivity of wells. Other problems, such as sea-water 
yachment in Long Island, require advanced knowledge of the hydraulics 
ound water movement. 
2reasingly, the problems involve the interrelationship between ground 
‘and surface water, as in: (1) estimates of how changes in stream regi- 
affect ground-water conditions; (2) relative practicability of developing 
ce water and ground water for particular needs; or (3) measurement of 
ce discharge to indicate amounts of ground water available. 
. example of the first type of problem is that in the Ipswich River drainage 
: in Massachusetts. Here, investigations are related in part to indicating 
»ssible effect on nearby municipal wells of artificially lowering the river 
el, 
example of the second type is that in the Blackstone River valley, Rhode 
i, The problem is to determine whether it is practicable to obtain ad- 
al water for the city of Woonsocket, and for industries downsiream, from 
d water or from upstream surface reservoirs. 
example of the third type is that in the Pawcatuck River drainage basin, 
j Island, where a quantitative estimate of ground water available to sup- 
roposed industrial park is needed. Location of productive water- 

strata can be based on ground-water studies alone, but estimation of 
tal amount of water available can best be done by measuring river out- 
nd estimating evapotranspiration losses from swamps and lakes. 


: 


iscussion open until November 1, 1959. To extend the closing date one month, 
ritten request must be filed with the Executive Secretary, ASCE. Paper 2056 is 
_ of the copyrighted Journal of the Hydraulics Division, Proceedings of the 
rican Society of Civil Engineers, Vol. 85, No. HY 6, June, 1959. 

ared in cooperation with Massachusetts Department of Public Works; 
je Island Development Council; Connecticut State Water Commission; 
’ York State Water Power and Control Commission. 

logist, Ground Water Branch, Water Resources Div., U. S. Geological 
vey, Washington, D. C. 
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INTRODUCTION 


This paper discusses the changing nature of ground-water problems in 
New York and New England, in the light of modern uses of water and needs 
for information, and is intended particularly to show that quantitative and 
other specific ground-water problems in most of the area necessarily invol 
surface water also. 

Surface water is defined as water that occurs in streams, lakes, and 
swamps on the surface of the earth. Ground water is defined as water that 
occurs in the zone of saturation in the rocks and deposits beneath the surfa 
of the earth. Both surface water and ground water are in that part of the 
hydrologic cycle which intervenes between rainfall, on the one hand, and thi 
water in and evaporating from the oceans, on the other. Locally and occas: 
ally, ground water is considered to be a separate resource, independent of 
surface water. One of the purposes of this paper is to show that this is not 
necessarily the case. 

Of the water that falls on the land surface as rain, some moves directly 
into streams, and some percolates directly underground. Of the water that 
moves underground, what is not picked up by plants or evaporated directly 
back into the atmosphere discharges as springs or into lakes and streams, 
Conversely, under proper conditions water in streams can percolate under 
ground and become ground water. Thus there is, in a broad sense, an inte! 
change between surface water and ground water; and both are parts of the 
same resource. 


Change in Types of Ground-Water Problems 


In early years people simply needed to know where to dig, or drill, a we 
for a single household or farm supply. Later, and even now in many parts 
New York and New England, it was necessary to know only where to drill a 
well in order to find substantial supplies—in other words, merely to locate 
sizable ground-water reservoirs and to estimate the productivity of wells. 
The amount of water needed was a small part of the total available, and the 
was no need to estimate total quantities available in a whole area. Nowada 
however, tremendous quantities of ground water are used. The reasons fo: 
this large use include the relative constancy of the temperature of ground 
water, its uniform and often good quality, its availability without transport 
through long pipelines, and its relative cheapness of development. Of cour 
the increased demand for ground water also is a result of new uses for wa 
as in air conditioning, as well as simply for more water for the same old 
purposes. As the new uses and increased demands approach the total avai 
ble supply in any one area or location, it becomes important to know the © 
amount of that supply fairly accurately. 4 

The accompanying table gives approximate figures on the withdrawals c 
fresh ground water in New York and New England in 1950 and 1955. Thed 
are presented primarily to demonstrate that large quantities of ground wa 
are being used in modern times. Examination of the table shows that, in 
States and for some purposes, the amount of ground water withdrawn in 1 
actually was less than in 1950. These decreases result from (1) ac ng 
in some areas, from ground water to surface water as a source of supply, 
cessation of operations entirely by some users of ground water, and (3) — 
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appreciably more rainfall in southern New England and New York in the 
summer of 1955 than in the summer of 1950. 

The increase in withdrawals for municipal use in New York and most of! 
the New England States is probably in accord with the general nationwide i 
crease in water use. The withdrawals of ground water are large in compa 
son with those at the turn of the century. 


Examples of Current Problems 


In addition to large demands for water, a more intensive use of land, as 
the conversion from agricultural use to urban and suburban use, also resu 
in the necessity for studying conditions of ground-water occurrence. For 
ample, certain towns in Connecticut that anticipate or are now experiencin 
marked urban and suburban development feel the need of zoning regulation 
to control the size and number of home lots. This is on the basis that eac! 
home will have its own supply of water and will dispose of its own wastes. 
The problems are (1) how many domestic wells will the ground water in th 
areas sustain? and (2) what are the possibilities of contamination of the w 
of any or all of them? The solutions of these problems depend in part on 
understanding the detailed occurrence and amount of available ground watt 
in each area. 

Another example of the need for detailed information on the occurrence 
and availability of ground water is found on Long Island. Here the main 
source of water in most of the island is ground water. Shortages of supph 
have been experienced in the western part of the island, and population an 
industrial growth, accomplished in Nassau County and expected in Suffolk 
County, have raised and will raise the withdrawal of ground water to magr 
tudes approaching the total available supply. On Long Island this is large! 
ground-water problem and could be solved by examination and study of gr 
water conditions alone. These studies involve complex hydrologic and hy- 
draulic problems. However, even on Long Island most of the ground-wate 
discharge is into streams, so the surface-water discharge is in part a 
measure of the total ground water available. 

This paper particularly discusses three problems in New England that 
initially ground-water problems, but that involve surface water directly é 
because stream flow is inherent in the problem, or because measurement 
surface-water discharge constitute a good way of obtaining the quantitativ 
ground-water results, These problems are in the drainage basins of (1) t 
Ipswich River, Mass., (2) the Blackstone River, Mass. and R. I., and (3) t 
Pawcatuck River, R. I. (See Fig. 1.) ; 

The geologic conditions elsewhere in New England and in most of New 
State are such that problems similar to those described might exist at ma 
places throughout these States. In general the stream valleys are long an 
relatively narrow, and the streams are underlain by narrow bands of allt 
and glacial deposits that rest on and against crystalline or other bedrock. 
Most of the unconsolidated alluvial and glacial deposits are permeable, ai 
are saturated with water which in most of the valleys is seemingly in h 
draulic continuity with the streams. The adjoining and surrounding bed 


is relatively impermeable and can supply only small quantities of water i 
one locality. 


6 GROUND-WATER PROBLEMS 5 
The Ipswich River Basin 


the drainage basin of the Ipswich River is in Essex and Middlesex Counties 
ortheastern Massachusetts. The drainage area above the Geological 

yey’s gaging station near Ipswich is 124 square miles. The water flows 
the Atlantic Ocean north of Massachusetts Bay. In the Ipswich drainage 
nm are several small towns, some of which obtain water directly from the 
yich River, either for their entire supply or as standby sources, and some 
hich obtain their supplies from wells. There are also, of course, private 
es and some small industries that obtain water from wells. A number of 
1s Outside the drainage basin obtain water from the Ipswich, or fromtribu- 
‘streams and lakes. It is estimated that only a relatively small amount 

1e water withdrawn is available for reuse in the basin. The greatest with- 
wals of ground water are those by the towns of Reading, North Reading, 
Wilmington, which have a total population of about 26,000 and which alto- 
er pump ground water at an average rate of 2.1 million gallons a day. 

“he area of the immediate problem is shown in Fig. 2, taken from the 

m, Reading, and Wilmington quadrangles, Massachusetts. The Ipswich 

2r drains an area of rather low relief about half of which is underlain by 
-ock covered by a thin blanket of till. The other half consists of extensive 
areas that are largely swamps. The largest of these are along the river 
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6 GROUND-WATER PROBLEMS 7 


shown on the map. Many small to medium-sized swamps, particularly in 
northeastern part, are not shown. These low areas are underlain mostly 
glacial and alluvial sands and clays which may be several tens of feet thick 
ve the bedrock. The deposits are fairly permeable and are saturated with 
er to within a short distance of the land surface. The larger swamps along 
Ipswich River usually are flooded in the spring. 

The problem in the Ipswich River drainage basin is to determine the effect 
ground-water conditions of a proposed lowering and clearing of the channel 
he Ipswich River. The purpose of the proposed channel work is to drain 
Swamps, thereby making the areas accessible for development, and to 

ry away storm runoff more rapidly, thereby decreasing the likelihood or 
quency of flooding the presently swampy areas. Of course, many of the 
imps are substantially above river level, or are in basins separated from 
river by bedrock ledges, and thus would not be affected by changes in the 
er channel. Part of the problem is to work out the geologic conditions so 
to know which swamps and lakes might be affected. In the flood plain are 
eral installations for ground-water use, particularly those belonging to the 
ns of Wilmington and Reading. The ground-water reservoir that the town 
teading draws upon is in hydraulic continuity with the river and, at least 
imes, sustains a large part of the river flow by effluent seepage. The im- 
liate question is as follows: If the stream channel were lowered by dredg- 
in amounts of several feet, what, if any, would be the effect on the public 
er-supply wells drawing on the ground-water reservoir? The Geological 
vey is assembling and will interpret the basic geologic and ground-water 
mation bearing on this problem, as well as on the general nature of the 
urrence and availability of ground water in the rest of the drainage basin. 
[his is a problem that involves the effect on ground water of changing the 
imen of a surface stream. 


Blackstone River Basin 


[he Blackstone River heads near Worcester in eastern Massachusetts, and 
’§ generally southeast to the tidal Seekonk River, an extension of 

ragansett Bay, at Pawtucket, R. I. One main tributary, the Branch River, 
se drainage area is almost entirely within Rhode Island, enters the 

ckstone near Woonsocket. The area is shown on Fig. 3* which is taken 

n the Georgiaville quadrangle, R. I., and the Blackstone, Franklin, and 
tucket quadrangles, Mass. - R. I. 

he Geological Survey maintains a gaging station at Woonsocket. The 

nage area above that point is 416 square miles. This is a little more than 
fifths of the total drainage area, which is about 500 square miles. De- 

2d information on the use of water in the Blackstone River basin in 
sachusetts is not at hand, but generally there are many diversions of river 
sr for industrial use. Much of this water is returned to the river. A few 
munities have wells and springs for water supplies; some of these wells 
springs are along the river. Worcester obtains its supply from the Nashua 
r basin, and other cities obtain their supplies from reservoirs on tribu- 
2s, and not directly out of the Blackstone River. In Rhode Island, there 


pee features on Figs. 3 and 4 are taken in large part from maps 
lished or in preparation by Geological Survey. 
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are substantial diversions of water from the Branch River for use in dyeir 
and finishing cloth, and as sources of power for running worsted mills. In 
about 15 mgd is withdrawn from the Blackstone River and tributaries in RI 
Island, a good deal of which is returned to the river. The city of Woonsoc} 
obtains its supply from three surface reservoirs on Crookfall Brook, a tri 
tary of the Blackstone. 

Recently, Woonsocket drilled some exploratory wells for a ground-wate 
supply within its limits along the river but is not using this source at pres 
Two other towns downstream from woonsocket have wells along the river — 
either for standby supply or for entire source. 

The Blackstone River drainage basin is a hilly region in which the relat 
ly narrow main valley lies between rounded and irregular hills. These hil 
are underlain by crystalline bedrock veneered by glacial till. Along the ri 
is a flood plain underlain by alluvium and glacial outwash. This plain is n 
much wider than the river in many places. However, near Woonsocket anc 
thence downstream in several reaches the plain is a quarter of a mile to h 
a mile wide both along the main stream and along some of its tributaries. 
underlying unconsolidated deposits are 70 to 100 feet in maximum thicknes 

The immediate problem is additional water for the city of Woonsocket. 
is reported that the existing supply would be inadequate in the event of a d: 
year. Also, it is reported that water from the Blackstone River is of poor 
quality. Ground water is considered as a possible source of additional sug 

In the Blackstone River valley near and downstream from Woonsocket, 
sentially all the available ground water seems to be in the unconsolidated — 
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ts along the river. (See Fig. 3.) The water is presumably in hydraulic 
uity with the stream, whose flow represents most of the available water 
y. In appraising the ground-water resource, the first thing to do is to 
strate that there is hydraulic continuity with the river; the second is to 
mine the thickness, extent, and hydraulic properties of the deposits; and 
rd is to interpret these data and results with respect to the practicabili- 
essentially—pumping the river water through wells. The minimum re- 
1 daily flow of the Blackstone River at Woonsocket was 21 cfs on 

t 11, 1934—about 14 mgd. In the years 1929-50, the mean discharge in 
t, generally the month of least flow, was 263 cfs or about 170 mgd. 
large withdrawals of ground water would depend more or less directly 
eamflow for replenishment; and the river flow appears to be many times 
ticipated use in the foreseeable future. 

> point is that ground water is not a separate and independent resource. 
ling that the hydrologic relations are as anticipated, the practical de- 
would be whether it would be more feasible to develop needed water by 
of wells than to develop it from surface reservoirs. Or perhaps it 

be practicable to plan on taking part of the water from wells and part 
surface reservoirs. 

ilar problems are developing in Massachusetts, where municipal sup- 
n some areas are taken from lakes. These lakes probably are ex- 

ons of the water table and are essentially continuous with the ground- 
reservoir. In many places it may prove desirable to plan on deriving 
ipal supplies from wells, and using the lakes for recreational purposes. 


Pawcatuck River Basin 


» Pawcatuck River is mainly in southwestern Rhode Island but has sever- 
Il tributaries in Connecticut. The total drainage area above Westerly, 
where the river enters Long Island Sound, is 295 square miles. This 
is concerned, however, with the portion of the drainage basin above the 
ical Survey’s gaging station near the junction with the Wood River, and 
‘in the Kingston and Slocum quadrangles, R. I. This portion comprises 
sins of the Usquepaug and Chipuxet Rivers, which unite in Great Swamp 
a the Pawcatuck River. (See Fig. 4.) This basin is referred to as the 
Pawcatuck River basin; its drainage area is about 100 square miles. 
resent only small amounts of water are used in this upper drainage 
Industries use minor amounts of both surface water and ground water; 
lic supplies come entirely from wells. The total use is between 2 and 


upper Pawcatuck River basin is a relatively low-lying area charac- 
| mostly by low slopes and plains along the streams. The areas between 
eam valleys are characterized by low hills, all less than 500 feet above 
el. These are underlain by crystalline rock with the usual discontinuous 
of till. This bedrock terrane occupies about half the drainage area. 
plains along the streams are underlain by unconsolidated deposits, 

of glacial origin, that attain a maximum known thickness of about 150 
‘hese deposits are saturated with ground water generally to within 10 
less of the land surface. This ground water is hydrologically connect- 
‘many swamps and lakes, of which Worden Pond and Great Swamp, 
a combined extent of 6 or 8 square miles, are the biggest. 
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e streams flow across this area of plains, lakes, and swamps, transport- 
verland runoff, and also ground water that discharges into them. Near 
est edge of the Kingston quadrangle, above Kenyon, the Pawcatuck proper 
between two hills composed of bedrock. Here the glacial deposits are 
Joly thin, and not more than a quarter of a mile wide. In the narrows, es- 
ully all the ground water flow is forced to the surface and appears in the 
m channel together with the surface discharge. This flow is essentially 
é water that leaves the basin in liquid form, though much of course is 
rated and transpired. 
the upper Pawcatuck River basin, the State of Rhode Island is interested 
-ertaining the location and amount of ground water available for possible 
trial development along the main line of the New York, New Haven, and 
ord Railroad. Mapping the geology, interpreting information from wells 
dy drilled, and determining the nature, thickness, and extent of water- 
ng deposits will locate sources of ground water, and may indicate the 
tial production of individual wells. These techniques, however, will not 
t in determining the total amount of ground water available for develop- 
This has to be done by quantitative methods, of which measurements of 
irface water are an important part. 
the water that enters the basin as rain and snow, part percolates below 
d to the ground-water reservoirs, and part moves directly into the 
ms. The part in the streams moves across the basin as surface flow; 
irt in the ground-water reservoir is discharged partly by evapotranspi- 
1, probably mostly in the Worden Pond-Great Swamp area, and partly by 
nt seepage into the Pawcatuck River in and above the narrows near 
yn. 
the principle that inflow equals outflow plus or minus change in storage, 
tal discharge near Kenyon is a measure of the amount of water entering 
isin, less the evapotranspiration within the basin. Assuming that it is 
icticable to intercept and store the overland runoff, mainly flood water, 
ailable water is the portion of the total outflow that results from ground- 
runoff alone. The amount of this runoff can be estimated from yearly 
graphs by separating out the purely or largely overland runoff. An ex- 
of such a separation was given in a report on the geology and ground- 
conditions of the Kingston quadrangle, Rhode Island, published by the 


in the process of pumping the ground water from an area such as the 

2n Pond-Great Swamp area, the water level were lowered appreciably, 
additional water might be made available through reduction of evapo- 
jiration losses in that area; and some added storage space might be 

2d in which overland runoff might be trapped. 

s difficult to determine these quantities closely. The main point is that, 
asuring the surface runoff, it is possible and in some places practicable 
imate ground-water supplies quantitatively. 


CONCLUSION 


is, for specific and quantitative investigations of ground-water re- 
2s, it is often desirable, if not necessary, to consider ground water in 
ction with surface water—both as interrelated parts of the same 

rce. 
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PRESSURE CHANGES AT OPEN JUNCTIONS IN CONDUITS 


William M. Sangster, ! A. M. ASCE; Horace W. Wood, 2 M. ASCE; 
Ernest T. Smerdon;3 and Herbert G. Bossy, 4 M. ASCE 


SYNOPSIS 


is paper contains the results of an analytical and experimental investi- 
of the effects of open junctions on the magnitude of pressure changes in 
i conduits flowing full. Junctions of rectangular, square, and round plan 
studied. 

‘a concerning the performance of such junctions have been extremely 

‘r in the past and designs have therefore been based on rather arbitrary 
lures. The present paper furnishes data which afford the means for a 
al hydraulic design of these structures. 


INTRODUCTION 


ile the investigation reported herein was designed to furnish data spe- 
ly suited to the design of storm drain systems, it is believed that the 
s have a somewhat wider range of applicability. Hence, no attempt is 
in this paper to restrict the discussion to any particular field of appli- 


st practice has ascribed to open junctions in pipe systems an arbitrary 
all head loss. The authors have, however, determined that losses at 
inctions may indeed be of an important magnitude. Asa result, new 

is of analysis have been proposed and old ones modified so as to provide 
> realistic basis for design. 


Jiscussion open until November 1, 1959. To extend the closing date one month, 
itten request must be filed with the Executive Secretary, ASCE. Paper 2057 is 
f the copyrighted Journal of the Hydraulics Division, Proceedings of the 
rican Society of Civil Engineers, Vol. 85, No. HY 6, June, 1959, 
sociate Prof. of Civ. Eng., Univ. of Missouri; Columbia, Mo. 
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Because the designer is interested primarily in the variation of pressu 
throughout the system rather than in the variation of total head, the result 
are presented in terms of the changes in piezometric head prevailing at tt 
junctions in preference to the more customary total head loss coefficients 


General 


The shape of junction of primary interest to one of the sponsoring agen 
and therefore the one studied in greatest detail, was a rectangular one hay 
a width-to-length ratio of 1 to 2.5. As a consequence, the analyses and te 
applicable to such structures are presented first. A subsequent section & 
tends the discussion to the more general cases of square and round juncti 
and, in addition, correlates these to the rectangular. 

In order to identify each pipeline and the conditions therein a systemat 
subscript notation has been employed. The number “1” is reserved for c¢ 
ditions in the downstream pipe and the following larger numbers are assif 
in order to conditions in the pipes met in turn in moving from the downst1 
pipe in a clockwise manner in the plan view. 

So that the effect of the junction might be properly delineated, the es- 
tablished piezometric head lines in the various pipes were projected to th 
center of the junction so that any pipeline resistance losses would automa 
ly be excluded from the pressure change attributable to the junction. The 
method of determination of the pressure change is described in detail int 
following section. 


Experimental Methods 


Test Equipment 


A general isometric view of the test equipment for atypical junction is 
presented in Fig. 1. Metered flows were supplied to Lucite model pipelin 
which were in turn connected to the model junction. The junction itself w 
constructed of Plexiglas plate. : 

Each of the header tanks indicated in Fig. 1, was supplied with a serie 
baffles, a rounded inlet for the pipeline, and a set of straightening vanes | 
in the pipeline itself. The purpose of each of these appurtenances was to 
in obtaining fully established flow in as short a distance along the pipelin 
possible. As a further means of ensuring normal velocity distributions i 
pipes, all lines were made as long as was compatible with the physical di 
mensions of the laboratory. Lengths of at least 25 pipe diameters were € 
ployed, and in every case but one lengths of more than 40 diameters were 
used. Such lengths have beenstated(!) to besufficient for the developmen 
fully established flow. : 

The outlet box and tail gate shown in Fig. 1 were provided for two pur, 
es; viz., (1) to force all the pipes in the system to flow full, and (2) to pe: 
variation of the depth of water in the junction. 

Generally seven piezometers were connected to each of the model pips 
to define the slope of the piezometric head lines. These piezometers wel 
concentrated most heavily at the downstream end of each pipe so that the 
slope of the piezometric head line in established flow might be determine 
addition a collection ring was attached to the model junction with several 


15 


PRESSURE CHANGES 


9409 [101 
@ xog 4214NO 


‘ulaysAs [OpOW JO MOAR] [eI9Uay “{ “SIT 


S13}9WOZAlq 0} SdD}) Jaj@aWOZIIq Buljo9UU0D Spode] sajewozeald 


aa ) 


2Of Of >be 4D 
paoods ‘Siajawozald 2 
be ‘xouddo yybue7} 


2 ON adig 


sands “sJevoul ézaig : 
Me td tte xog uoljounp 


| "ON edld 


",0€ % Oe 40 
peonds sudjawozaig J 
21 ‘xouddo yy6ue> 


£ ON Ald 


\ 
— 
YUD]L JapOe}Y 1019407 NN 


QAJOA 


40j9W AMOl4 [] 


dwing wos Ajddas 


401OW MOlS [ 


dwing woi Ajddns 


16 June, 1959 


through the walls of the junction so that a measure of the average elevat: 
the free surface in the junction might be obtained. 

Four sizes of Lucite pipe were used for the model pipelines; namely, 
3.75, 4.75, and 5.72 inches in inside diameter. Use of these sizes permi 
variation of the relative size of the three pipelines and of the pipe size r 
tive to the junction size, even though only a few absolute junction sizes ¥ 
employed. 


Testing Procedure 


In practically all of the tests the end product of the testing was the de 
termination of the change in piezometric head between each inflow pipe é 
the downstream pipe. This, of course, required careful establishment 0 
piezometric head line for each pipe. During the testing of certain config 
rations a considerable amount of surge was observed in the piezometers 
which case readings were taken so as to ascertain the extremes of this f 
ation and the average was then determined. 

Determination of the slope of the piezometric head line for flow in the 
model was facilitated through use of standard resistance slopes. Tests 
made at the beginning of the laboratory program on long sections of the | 
pipe to define the resistance slope for various rates of flow in two sizes 
pipe, the 3.00-inch and 5.72-inch. Plotting the results of these tests on™ 
usual resistance coefficient vs. Reynolds number graph disclosed that th 
Lucite pipe had a resistance only slightly greater than that of hydraulica 
smooth pipe carrying turbulent flow. This conclusion is in substantial 
agreement with that reached by other investigators. (2) This higher valu 
caused mainly by non-uniformities in the pipe section and diameter, eve 
though the walls were smooth. Once the resistance coefficients for thes 
sizes had been determined, curves of resistance slope vs. discharge rat 
each of the four pipe sizes were prepared, it being known that the tempe 
of the water in the recirculating system would be nearly constant. Thes 
sistance slopes were computed through use of the Darcy-Weisbach equat 

In order to investigate the effect of the total rate of flow and to ensur 
accuracy of the test results, each configuration was tested with at least 
different total discharges and two different depths of water in the junctic 


Treatment of Test Data | 

The initial step in interpretation of the test data was the plotting of tl 
piezometer readings against the location within the system of the corre: 
ing piezometer taps. The plotted points thus represented the location : 
piezometric head lines for each of the various pipes of the test arrange 
Straight lines representing the standard resistance slopes described pre 
ly were fitted to the plotted points in order to eliminate any error whicl 
be caused by the incorrect elevation of any single point. The greater w 
in the determination of the position of the piezometric head line was ac 
the points nearer the downstream end of each pipe. In the upstream pol 
of the pipes the measured pressure elevations were found to lie somew’ 
above these lines due, of course, to the fact that the normal velocity di 
bution had not been fully developed in this section. 3 

The determination of pressure changes across the junction required 
measurement of the vertical distance between the plotted upstream and 
stream pressure lines, each proj gy to some common vertical plane. 
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convenience in design the point of intersection of these pipe centerlines 
¢ centerline of the box was selected as the point of reference. These 
ts are called “branch points” after McNown. (3) 

‘er convenience of application to design, the measured pressure changes 
> plotted in their ratio to the mean velocity head in the downstream pipe 
producing a dimensionless coefficient. 


Rectangular Junction with Main and Lateral 


his pipe arrangement consisted of a through line and a pipe aligned 
endicularly to this main or through line entering the narrow side of the 
tion as indicated in plan in the insets in Figs. 2 and 3. The flowlines of 
he pipes were flush with the junction floor since an early series of tests 
vated negligible differences between the cases of flowline and crownline 
iment. 

'ipes perpendicular to the downstream pipe occur frequently in the dis- 
ions of this configuration and of those which follow; hence, for simplicity 
will be referred to subsequently as “laterals”. Laterals, when used, 

ied flow to the junction and only one downstream pipe was included in any 
e systems. 

1 this series of tests the downstream pipe generally had a flush, square- 
d entrance at the junction box, although a few runs were made to ascertain 
ifect of other entrance conditions. In these additional tests rounded and 
scting entrances of types discussed later were investigated. 

| combining flow such as that being discussed, the downstream pipe should 
1arily be larger than any upstream pipeline, so that values of the diame- 
‘atios Dj/D2 and Dj/D3 equal to or greater than unity were the only ones 
d. Only two sizes of pipe were employed for the downstream pipe; viz., 
.75-inch and 5.72-inch diameters. D j/Dg values of 1.00, 1.20, 1.58 and 
and Dj/D3 values of 1.00, 1.20, 1.53, 1.58, and 1.91 were tested. 

or this arrangement of pipes it was to be expected that the momentum of 
low from the upstream main would be preserved to some extent in cross- 
he junction and would aid in maintaining flow in the downstream pipe. On 
ther hand, the momentum of the flow in the lateral should be anticipated 
relatively ineffective in supporting the flow in the downstream pipe, at 
at the lesser rates of flow. The flow from the lateral thus should be 
idered as a mass of fluid which must be merged with and carried along 

e flow from the upstream main. As a consequence, the pressure at the 
from the lateral should be expected to be the same as that at the exit 

the upstream main. Also, the upstream pressure lines projected to the 
th point should be at roughly the same elevation as the water surface in 
inction, since the box pressure is the source of one force which main- 
the flow in the downstream pipe. In cases in which small laterals carry 
rates of flow with resulting high velocities, the lateral jet should disrupt 
ow from the upstream main, requiring higher pressures in the junction. 
over, it is evident that, whenever the pressure at the exits from the up- 
m main and from the lateral are not greatly different, an analysis for 

he pressure change coefficient for the upstream main, will also be ap- 
ble with satisfactory accuracy to the valculation of K3, the pressure 

re coefficient for the lateral. This situation should occur when a 

ively small proportion of the total flow in the system enters from the 
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Fig. 2. Kg for in-line system with 90° lateral. 
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Fig. 3. Kg for in-line system with 90° lateral. 


etical Analysis 


aethod of analysis involving the momentum concept is useful in this 

As noted earlier, it seems logical to assume that the flow from the up- 
1 main contributes the only momentum effective in the direction of the 
‘ream flow, and that the flow from the lateral furnishes an added mass 
arried into the downstream pipe by the force of the box pressure. An 
is based on this foundation should be expected to be least accurate in 
sases in which the lateral efflux velocity is high enough to cause the jet 
he lateral to impinge on or penetrate that from the upstream main, 

y causing both to be deflected and diffused with an attendant increase in 
el of pressure in the box required to maintain flow. 
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Continuity in. this case requires that 


6) = Ge + Qs 


in which Q is the volume rate of flow, and the identifying subscripts are a 
discussed earlier. 

The momentum equation for expanding flow incorporating the assumptit 
described previously is 


the, - th’ A, + th2 (A, -Az) = 004, - Gels 


in which Y is the specific weight of the fluid, h’ is the piezometric head, A 
the cross-sectional area of flow, p is the fluid density, and V is the mean 
velocity of the flow. The piezometric heads appearing in Eq. (2) are obtai 
by projecting the piezometric head lines to the branch point. 

Combining Eqs. (1) and (2), and simplifying 


/ / yA Gz A, 
fe = h2-hy = 255 [t~(EIees 


, Eq. (3) may be transformed into 


42 
Defining Kp = PPP 
(a 
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wherein D is the pipe diameter. Eq. (4) is the fundamental equation for d 
termining pressure changes in this particular system. As noted previous 
it may be used unchanged to obtain Kg so long as the lateral introduces oI 
relatively small portion of the total flow. 


Test Results 


While the division of flow rates between the lateral and the upstream rf 
is a primary variable, it is obvious that the same division may be obtaine 
with any number of total rates of flow. In order that the effect of the tota 
rate might be determined, at least two values of the total flow were tester 
each flow division and geometry. On the basis of many hundreds of tests 
conclusion seemed appropriate that the value of the total flow rate exerte 
only a negligible and unsystematic influence on the pressure change coef- 
ficients once the geometry and flow division were fixed. . 

To examine the agreement between test and analysis Figs. 2 and 3 are 
vided on which Eq. (4) is represented by the solid curves. The trend of t 
data is quite apparent. Almost exact agreement between analysis and tes 
exists from Q3/ Qi = 0 to the flow division at which Kg or Kg, as the part 
case may be, is zero. This, of course, occurs when the momenta of the 


: 3 
in the upstream and downstream mains are equal, since the quantity @) 


flow division for which K is zero the equation gives a fairly good averag 
value of the test points. When the lateral and downstream pipes are of r 
tively the same size, the agreement extends nearly through the entire ra 
of flow divisions. Only when small laterals are employed (with conseque 
large values of the lateral momentum) does the deviation become peal 
As a consequence Eq. (4) can be depended upon when Q3/ Q; < 0.4 for any 
geometry and for all values of Q3/ Q, when the lateral and downstream , 


in Eq. (4) is the ratio of these momenta. It is further evident that = 


‘ 
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; are nearly equal, provided the junction box is rectangular and of con- 
‘able length in relation to the downstream pipe diameter. 

nee the size and shape of the junction should be expected to modify the 
sure changes when a large part of the total flow is from the lateral, it is 
us that Eq. (4) should be applied only to junctions which are geometrical- 
milar to the one tested; i.e., to a rectangular junction. Even for these 
ions the equation produces less reliable results for smaller size laterals 
ying disproportionate shares of the total flow. Square and round junctions 
liscussed later. 


t of Downstream Pipe Entrance Conditions 


1e effect of entrance conditions at the downstream pipe was also investi- 
| for this system. In addition to the square-edged, flush entrance utilized 
> majority of the tests, two other entrance types were tested. One was a 
re-edged projecting pipe with a wall thickness of 1/12 the downstream 

diameter extending into the box 1/4 the box width. The other was a flush 
nce with the edge rounded to a radius of 1/8 the downstream pipe diame- 


Fig. 4 the data showing the effect of entrance conditions on Ko and K3 

1e two pipe-size combinations tested are assembled. The re-entrant con- 
1is seen to have a negligible effect on lateral or upstream-main pressure 
ghout the entire range of flow divisions, except when small laterals 

y almost all the flow, a condition not likely to be encountered. The round- 
trance, on the other hand, does exhibit a measurable reduction in Kp and 
.the range of flow divisions producing positive pressure changes. The 

2e of reduction of the lateral pressure due to rounding the downstream 
nee is almost exactly duplicated in the upstream main. 

1 the basis of these results it would appear that efforts to improve the 
stream entrance conditions can produce minor benefits, but only in the 

> of flow divisions involving high proportions of lateral flow. It is also 
‘that reasonable projections of the downstream pipe are not detrimental. 


ugh Line Only 


any tests were run on a rectangular junction with an upstream and down- 
m main aligned in plan and with no lateral present. Two cases were 
nized in these investigations; viz., expanding and contracting flow. 


isions 


th an expansion of flow the analysis leading to Eq. (4) applies in this 
also, except that Qy = Qg. Thus 


eee calls ie) cal (5) 


‘actions 


e primary difference in the analysis of contractions as compared with 

: expansions involves the application of the momentum principle be- 

the contracted section just inside the downstream pipe and a section 
downstream at which the flow has expanded to again fill the pipe. 

2s due to boundary separation occur almost exclusively in the zone 


i 
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Fig. 4. Effect of projecting and rounded entrances to downstream pi 


following the section of greatest contraction of the flow (where conditio 

denoted by the subscript c). As in the case of expansions, inclusion in 

final equation of losses due to surface resistance is circumvented by p 

ing the piezometric head lines to the branch point 
Continuity requires that 


QD, -A VY = Qe=Acle-Ge-Aelg 


The momentum principle can be applied between sections c and 1 ( 
stream) to yield 


the'A, - ThA, -R =QolY-K) 
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hich R is the boundary shear force in the pipeline between sections c and 
d the (h')’s in this case are the piezometric heads at sections c and 1. 

(7) is true by virtue of the fact that the piezometric head at section c 

t be constant completely across the section of area Aj, since the stream- 
s of the submerged jet are parallel there. Eq. (7) combined with Eq. (6) 
ices to 


/ AOS tae ete ah 2 2 es / 
hé -h,-¥4* 94, (WA hAel-22 0-2) ® 
hich C,, is the ordinary contraction coefficient. (4) 


‘he Bernoulli or energy equation written between sections 2 and c, in which 
on a small resistance loss, Hg, occurs, gives rise to 


. “Z = 3 LK Po 
cots -+, +3 - Hy (9) 
‘ombination of Eqs. (8) and (9) leads to 


et AE OU Vee 
Bee eg a 2, at eet eg Ure lvm 
the piezometric head lines are projected to the branch point, the left side 
q- (10) is approximately hg. The only discrepancy is the difference in the 
stance slopes for the two pipes multiplied by the distance between the 
tion centerline and the contracted section. This is obviously of secondary 
yrtance. 


vz) 
iserting the diameters D, and Dg, and Ko = EES into Eq. (10) results 
G Le 


hee) ot (ort) (11) 


(11) is the desired formula for the pressure change coefficient for con- 
tions in a two-pipe system. 


Results 


ither of Eqs. (5) or (11) should be applicable to the analysis of flow in 
l-size pipes. Both equations yield zero for Kg, while the experiments 
ate a positive but small value for this coefficient. It should be pointed 
hat in the derivation of the two equations mentioned, the junction width, b, 
considered to be negligible; i.e., the entire unit was assumed to behave 
sudden expansion or contraction, as the case may be. Still it seems 
onable that at some large value of the parameter b/ Dp the jet will not re- 
essentially intact while crossing the junction, and a consequently larger 
will occur. This increase is due in part to viscous shear, but results - 
arily from the impingement of the spreading jet on the wall surrounding 
ntrance to the downstream pipe. 

) test this hypothesis configurations having values of b/Dg up to 3.33 were 
tigated with equal size upstream and downstream pipes. Fig. 5 presents 
esults of these tests. The effect of increasing junction width seems to be 
tly uniform increase in Ko, although it appears likely that some limiting 
‘will be attained as the junction box is further enlarged. Definition of 
imit was not attempted since the ratio of the distance across the box to 
iflow pipe diameter was already near the upper end of the range likely to 
countered in practice. z ; 
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Fig. 5. Effect of junction width for equal-size pipes. 


A series of tests was made with the available model pipes providing sey 
al ratios of upstream to downstream pipe sizes, and thus various degrees : 
expansion of the flow across the rectangular junction first described. The 
test results were compared to the theoretical analysis embodied in Eq. (5). 

In Fig. 6, Eq. (5) is shown as a solid curve in the area of negative chang 
of pressure and the pressure change coefficients derived from the test dat: 
are plotted and suitably identified. Obviously the conformity between analy 


In the present case this is brought about by the increase in pipe diameter ¢ 
the downstream side of the junction. ; 
Similar tests were made with various degrees of contraction of the floy 
across the same junction, and the results compared to the theoretical anal 
expressed in Eq. (11). ‘ 
In Fig. 6, Eq. (11) is shown as a dashed curve in the area of positive chi 
es of pressure. The experimental pressure change coefficients for this ca 
are also plotted for comparison. It is seen that the conformity between an 
sis and experiment is also satisfactory for contractions of flow. SS 
Probably the most significant conclusion to be reached from the tests jt 
described is the absence of effect of the box itself—at least for the range ¢ 
the parameter b/Do tested. Thus, it would be expected that variations of ¢ 
struction details at the junction would not be effective in modifying its cha. 
teristics. However, the more common construction details were investig: 
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Fig. 6. Results for two-pipe in-line system. 
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As was mentioned earlier, the vertical positioning of the pipe centerlin 
is immaterial so long as they are parallel and are aligned between limits 
which either their crownlines or flowlines coincide. 

In expansions of flow, it may be expected that the relatively short dista 
across the junction will result in the expansion taking place in the downstr 
pipe. Therefore, flowline or crownline alignment, downstream pipe projec 
into the junction box, or rounding of the entrance to the downstream pipe 
should all be of negligible importance in modifying the pressure change co 
ficients. These conclusions were verified. 

It seems reasonable that shaping of the bottom of the junction so as to « 
tinue a portion of the pipe section through the box can effect no significant 
provement of the pressure change in straight-through flow. Although this 
inference was not tested, the latitude for possible reduction of loss is sma 

Although rounding of the downstream entrance was not tested with conti 
ing flow, it is evident that such rounding will reduce the pressure change ¢ 
ficients because the loss at contractions is primarily due to constriction o 
the flow at the change in pipe size coupled with the subsequent expansion o 
the flow in the downstream pipe. 


Rectangular Junction with Opposed Laterals 


In this arrangement two lateral pipes were joined to the junction at the 
center of the long side of the junction as indicated in plan in the inset in 
Fig. 7. As before, the flowlines of all pipes were set flush with the bottom 
the junction. The downstream pipe was fitted with a flush, square-edged 
entrance in every case. 


Theoretical Analysis 


As often occurs, the analysis of this configuration was suggested and gu 
by the results of the test program. 

In every case the pressure change coefficients for one lateral appeared 
have a reasonably constant value over a considerable range of flow divisiol 
The extent of this range seemed to be controlled by the relative magnitude: 
of the velocities in the two laterals. For all the combinations investigated, 
the first deviation of K from this constant value was perceptible when the v 
locity in the line with constant K became less than that in the line opposite, 
Thus K2 deviated from its constant value when V3 > V2, and K3 when V2 > 
From this it was deduced that the coefficient pertaining to a particular - 
was controlled more by the flow in the Pipe opposite than it was by the flo 
the pipe itself, 

A rational explanation of the two phenomena just noted can be attempt 
it is realized that the pressure rise in the lateral carrying the lesser-vel 
flow must be due to the force of the opposing jet. To aid in visualizing the 
forces, the action can be likened to a situation in which a vertical flat pla 
divides the junction box in a direction normal to the centerlines of the inc 
ing laterals in such a way as to deflect the two jets. The resultant of the 
distributed pressure along this plate due to one of the jets may be conside: 
to be linearly proportional to the jet velocity head.(5) The net force exert 
on the plate is the difference between the forces exerted by the two jets 
may be considered as transmitted to the fluid and eventually to the wall of 


6 PRESSURE CHANGES 27 


E experimental 
data 


fe) 02 04 O06 O8 Lo 8=— 12 14 «16 186 20 22 24 


Ratio of diameter of lateral with lesser velocity flow 
to diameter of lateral for which m is being determined 


ig. 7. Relative mean pressure coefficients for in-line opposed laterals. 


junction. The pipe having the lesser-velocity flow will be affected by this 
ssure differential over its entire area. 

The final particular to be scrutinized in connection with the tests concerns 
magnitude of the relatively constant values which Kg and Kg exhibited 

n Vo > V3 and V3 > V2, respectively. Precisely at the point where 

= V3, Kg and Kg both approached 1.6 in value for all the conformations 
‘stigated in this series of tests. Thus 1.6 might be taken as a “base” value 
the pressure change coefficients. 

\n attempt is made in the following to combine the significant facts just 
ined into a mathematical analysis of the situation. — 

Itilizing a notation comparable to those previously employed, and assign- 
the higher velocity to lateral pipe 2, an expression embodying the funda- 
ital deduction from the experiments may be written 


2 2 
Bog Oe ey, as fap he (12) 
/i3 A 22 ES 
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in which m might be referred to as a “mean pressure coefficient” and the 

piezometric head lines have again been projected to the branch point. The 
value for m for a given pipe is fixed by the ratio of the pipe size to the siz 
of the low-velocity lateral. The means by which m may be determined wil 
discussed later. Addition and subtraction of hy on the left side of Eq. (12) 

division by the outfall velocity head results in the equation 


47 -7) |e Z < Z 
kg Ke = Poft wore (BE) (Ke) ~ rg (EBA 


Assuming that my and mg can be estimated, Eq. (13) still appears to co 
tain two unknowns, Kg and Kg. However, use may be made of the second 
fundamental observation discussed previously; viz., the constancy of the cc 
ficients at a value of 1.6 until the velocity in the opposing lateral exceeds t 
in the lateral under consideration. Thus Eq. (13) permits calculation of th 
variable one of the two coefficients once mg and mg are known. 

To determine the mean pressure coefficients Fig. 7 is presented. This 
figure presents the mean pressure (written in terms of the velocity head it 
the lateral from which the jet issues) exerted by a circular jet over any ne 
concentric circular area of a plate held normal to the jet. This is restrict 
to the zone within which the flow is appreciably curved by the deflection. " 
curve was prepared on the basis of a general knowledge of the distribution 
pressure exerted by a jet together with experimental substantiation. 

The end points of the curve were based on values given in the reference 
literature. A value of m at the lateral-diameter ratio of zero can be appre 
mated by the stagnation pressure corresponding to the maximum velocity, 
which occurs at the center of the lateral pipe. Rouse (6) gives an equation | 
the centerline velocity 


Virrax a [AB Vf +/ 
Vireo 


in which f is the Darcy friction factor. In the tests under consideration the 
average value of f was 0.018; accordingly m = 1.42. A value slightly lower 
than this was finally adopted in order to obtain better agreement with the € 
perimental data. 

At the other extreme Powell proposes a value of m = 0.33 for the case i 
which the pressure is distributed over the entire area within which the floy 
is sensibly curved. He suggests that this area is 6 times that of the issuin 
jet. This value of m is less than the corresponding value indicated in Fig. 
However, the bottom of the junction box restricts the expansion of the jet } 


that direction and the average pressure head (which, in effect, is equival 


~ 


to m,) is thereby increased over that obtaining with a symmetrically 


panding jet. Thus the higher value in Fig. 7 should be expected. 

For a diameter ratio of unity, m must be approximately equal to the 
energy correction factor for the lateral flow, which in this case is roughl: 
1.05. 

In order to determine the shape of the curve between these three value 
recourse was had to the experimental data. Substitution of the test result 


Fig. it. 
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Results 


q@ (13) is plotted in Fig. 8 together with the applicable experimental 

ts. The correlation is clearly very good throughout the entire range of 
“Size ratios and flow divisions tested. In this regard it is appropriate to 
that the one set of tests involving unequal-size laterals represents con- 
ns as greatly different from equal-size laterals as was possible with the 
pment available. Since Eq. (13) is substantiated for Do/D3 = 0.524, 1.00, 
1.91, it is reasonable to assume that it is also valid for intermediate con- 
ns. 

@ be noted in Fig. 8 are the large values of the coefficients accompanying 
tantially different velocities in the two laterals. Thus when unequal ve- 
iés in the two laterals are anticipated or may occur, adoption of this ar- 
ement of pipes should be carefully evaluated. Means of avoiding large 

2S with directly-opposed laterals are discussed in the following. 
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Fig. 8. Results for in-line opposed lateral system. 
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Improving Opposed-Lateral Flow 


Offset Laterals.—Simply offsetting the laterals in plan as indicated in th 
inset in Fig. 9 proved to be the most effective way of improving the flow 
characteristics of opposed-lateral flow with rectangular junctions. On the 
basis of the tests and on consideration of the area over which significant 
pressures are exerted by a deflected jet, it was concluded that to be most ¢ 
fective the offset of the lateral centerlines should be at least equal to the si 
of the lateral diameters. 

In Fig. 9 the experimental data on the offset laterals are presented. It 1 
be immediately remarked that the losses were reduced considerably as col 
pared with the directly-opposed laterals. In these tests the pressure chang 
coefficients were always below 2.5 times the outfall velocity head, and gene 
ally were below 2.0. Perhaps even more important, the coefficients varied 
between very narrow limits throughout the practical range of flow divisions 
Thus by simply realigning the pipes a material increase in the flow efficier 
of the junction box was realized. 

No analytical solution for pressure changes at this type of junction is 
presently available. 

Deflector Devices.—Several deflector devices, incorporating deflecting | 
guiding walls, were added to the offset-lateral system in an attempt to furt 
improve the hydraulic characteristics of this configuration. 

The deflector devices used were of two basic types. In one a wall acros 
the corner of the junction was used to deflect the flow from the far lateral 
toward the downstream pipe. It was realized that the deflected flow would 
follow the far wall of the junction box, and thus tend to pass across the exit 
from the near lateral, with the possible effect of increasing the pressure li 
in the near lateral. A second type, with a curved deflector across the far 
lateral terminating in a wall extended to the near lateral, was evolved to ai 
this possible adverse effect. 

An over-all appraisal of the deflector devices tested would be that in ge 
al they effected some reduction in the pressure change coefficients. Howet 
it is believed, on the basis of the present investigation, that the improvems 
in the hydraulic characteristics of the junctions with offset laterals, brougl 
about by the use of deflecting and guiding walls, is so slight as to make the 
use unwarranted without further study in most cases. 


Square and Round Junctions 3 
§ 
Since in this paper consideration is given only to cases in which all pipe 
flow full, changes in pipeline grade may be neglected. The testing of squai 
and round junctions was limited to studies of three-pipe systems consistin 
upstream and downstream mains, and a lateral at 90° to these mains. I 
attention was directed toward situations in which most of the flow was c 
by the lateral, since it had been found during the investigation of the rec 
lar junction that the relative size of the lateral pipe and the size and sha 
the junction were necessarily ineffective so long as the momentum of the : 
in the upstream main was greater than that in the downstream pipe. 7 
The tests revealed that the magnitude of the pressure changes at vari 
divisions of flow between the lateral and the upstream pipe were related 
the pressure change when all the flow came from the lateral. To aid in th 
analysis of the results of the model tests, the pressure changes for all flo 
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Fig. 9. Results for offset opposed lateral system. 
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from the lateral were first systematized with respect to pipe size and jun 
size. Then a method was evolved for reduction of the pressure change co 
ficients from these maximum values to yield the proper values when less 
the total flow was carried by the upstream in-line pipe. The analysis of 
pressure changes at square and round junctions is therefore divided into ' 
two parts in the following discussion. 


All Flow from a 90° Lateral 


Most of the tests were run using square model junctions. These squar 
junctions had side dimensions of 6.00, 6.25, 7.00, and 10.00 inches, while 
round junctions tested were 6.88 and 9.88 inches in diameter. The ratio ¢ 
the junction side dimension or diameter to the downstream pipe diameter 
ranged from 1.05 to 2.10. This range represents the practical extent of t 
value of this parameter likely to be encountered in practice. 

The lateral pipe size was varied so as to cover adequately the range o: 
Dy/D3 from 0.83 to 1.53. A few tests were run outside this range. Data: 
square and round junctions at which the lateral is larger than the downstr 
pipe were required as such cases can occur at changes of grade. The tes 
with the extreme ratio D,/D3 = 0.656 was run in order to verify the conte 
that at very small values of Dj/D3 the junction should behave as a large 1 
voir, the coefficient of pressure change thus approaching a value of 1.5. ' 
test served to establish the validity of this reasoning. 

Two series of tests were run in which the entrance to the downstream 
was rounded on a quarter-circle arc of radius 1/8 the downstream pipe di 
ameter. All other tests employed flush, sharp-edged entrances. 

The methods of testing and of determining the pressure change at the 


Square and round junctions were the same as in the case of the rectangula 
junctions. 


Test Results 

It seems unlikely that a sound and general theoretical analysis can be | 
vised for this arrangement. In any event the limited number of tests run 
not substantiate any such analyses attempted. As a result, in lieu of anal 
lytical method a graphical solution was devised. “2 

Data derived from the tests on square junctions in which all the flow tu 
90° are presented in Fig. 10. Some of these data were modified as discus 
later to fit the empirical analysis for cases in which part of the flowis | 
carried by the upstream main. However, the data presented are in gene “ 
on the conservative side wherever they do not agree completely with et 


the pipe-diameter ratio. 
To be noted in Fig. 10 is the effect of the junction size. As this is de 
creased relative to the downstream pipe diameter the pressure loss is 
decreased appreciably. This is attributed to the fact that in a very smal 
square junction the wall opposite the lateral is nearly flush with the do 
stream pipe and thus deflects the flow into this pipe. As the junction is 
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g. 10. Lateral coefficients for square and round junctions with all flow 
from lateral. 


er relatively, the effect of the wall is reduced and in such junctions the 
ral flow may substantially pass the entrance to the downstream pipe, thus 
rsely affecting the pressure change. These contentions are further sup- 
ed by tests involving deflectors. In moderately large junctions straight 

s placed flush with the side of the downstream pipe and opposite the later- 
cit, effecting a reduction in junction width on that one side, exhibited sig- 
antly beneficial effects. : 

1 addition to the general effect of relative junction size on the pressure 

ge coefficient Kg, two effects of the size of the lateral relative to the size 
e downstream pipe may be noted in Fig. 10. With small junctions, K3 


aia 
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decreases with increasing D,/Dg, and with large junctions (b/D, > 1.50), K 
increases with increasing Dj /D3. 

An increase in the pressure change as the lateral pipe size was reduced 
was also observed in the earlier investigation of rectangular junctions with 
combining flow in which junctions of large dimension transverse to the dow 
stream pipe were used. The data from these model tests aided the determ 
nation of the curves of Fig. 10 for the larger size square junctions. 

Round Junctions.—The results of tests on round junctions are also inclu 
in Fig. 10. Apparently the round junction is a more efficient transition tha 
its square counterpart under certain limited conditions. However, definite 
conclusions on the extent of pressure loss reductions with such junctions a 
not possible with only the extremely limited number of tests made. Two st 
of tests with D;/D3 = 1.53 indicate a reduction in Kg on the order of 0.6. 7 
other tests with Dj/Dg3 = 1.20 disclose a reduction in the neighborhood of 0 

Deflecting Devices. —Several deflecting devices were installed in these 
junctions to test their effectiveness. The trend of these data is indicated ir 
Fig. 10. It is apparent that the walls having larger deflection angles are m 
effective, though they do preclude flow from an upstream main. 


Combining Flow 


The tests involving flow through all three pipes of this configuration we 
continuations of the 90°-angle lateral pipe tests just described with the add 
of an investigation of the effect of various divisions of flow between upstre: 
main and lateral. Since it was felt that Eq. (4), derived for and applied to 1 
rectangular junction with through and lateral flow, would be adequate for 
square and round junctions when most of the flow is carried by the upstrea 
main, major attention was given situations in which most of the flow entereé 
from the lateral. 

The same general arrangement and pipe-size ratios were employed as | 
the cases in which all flow was carried by the lateral. The main-to- 
downstream pipe-size ratio was generally small, but a few tests were run 
with upstream mains nearly as large as the downstream pipes. } 

No satisfactory theoretical analysis of flow through such junctions has J 
been formulated. However, an entirely empirical modification of the equat 
for rectangular junctions—Eq. (4)—has been devised which yields very proi 
ing results. Somewhat different equations are required for the upstream a 
lateral coefficients, Ko and Kg, respectively. ; 

For the upstream main the equation 


42° fe lee me) 


is proposed, in which Ky is the value of Kg when all the flow enters the 
hole from the lateral. Values of Ky are shown in Fig. 11. 
For the lateral pipe the equation 


kg RE (SRI OY 


is proposed, in which Kg is the value of Kg when ali the flow comes from : 
lateral. Values of Kg are shown in Fig. 10. The variable exponent was 
vised to reflect the fact that at large values of D,/Dg the curvature of 
of Kg vs. Q3/Q, is greater than at small values. 
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. 11. Upstream main coefficients for square and round junctions with 
all flow from lateral. 


th of Eqs. (14) and (15) satisfy two necessary conditions. They corre- 

to the experimental data when Q3/Q; = 1, and they have the value zero 

the momentum in the upstream main equals that in the downstream main. 

ecessity of the second of these two conditions was established by the test 

s. That Eqs. (14) and (15) do indeed satisfy this requirement is evident 
D 

3 recognized that the quantity e a is nothing more than the square 

f the momentum ratio between the upstream and downstream mains. To 

values of Ko and Kg for lateral discharge rates less than those prevail- 

equal upstream and downstream momenta, resort must be had to 


fe 
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Fig. 12. Results for square junctions. 
Test Results 


Data for the in-line main pressure change derived from the tests on squ 
and round junctions in which all the flow turned 90° are presented in Fig. 1 
Although the in-line pipe carried no flow, it filled with water from the late 
as flow was established, and served to measure the pressure level in the 
model junction. Together Figs. 10 and 11 give complete data on pressure 
changes for conditions in which all flow turns 90°, 

The curves shown in Fig. 11 are for constant values of the ratio of the 
junction side dimension or diameter to the downstream pipe diameter, as 
Fig. 10. The plotted points for Ky at Q3/Q; = 1 in Fig. 11 are obtained by 
plotting Ko against Q3/ Q; and then extending curves through the values for 
Q3/Q1 < 0.85 in accordance with Eq. (14) to obtain a corrected value for K 
at Q3/ Q, = 1. The procedure of plotting points and drawing curves in Fig 
was similar to that described for the construction of Fig. 10. = 

Plots of Kp and K3 vs. Q3/Q, from the test data revealed that both ofte 
reached maximum values with some flow from the in-line pipe rather than 
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Fig. 13. Results for square junctions. 


»w from the lateral, as might be implied by Eqs. (14) and (15). However, 
1 flow from the lateral the values of Ko and Kg were materially less than 
ser portions of lateral flow only when the lateral pipe was significantly 
er than the outfall. Conditions of a small size lateral pipe with a high 
rtion of the flow are not common in field practice. Therefore the 

ds used to determine Ko and Kg when all flow enters from the lateral 
onsidered to be justified. Any errors in evaluating pressure changes are 
2 Side of overestimation, and become quite small in the practical range 

w divisions in the small size lateral pipes. . 

veral typical plots of observed values of Ky and Kg vs. Q3/Q, are shown 
38. 12-14. The curves shown represent values given by Eqs. (14) and 
ased on the K, and Ky values of Fig. 10 and 11, respectively. The curves 
;. 14 were obtained through use of the individual values of Kg for round 
ons as given in Fig. 10 rather than from the curves, which apply strictly 
O square junctions. ; 
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Fig. 14. Results for round junctions. 


Obviously the conformance of the equations to the test data is satisfacto} 
even when markedly different upstream main pipe diameters are employed. 
This is indicated in Fig. 12 and is significant in that quite different ranges" 
the parameter Q3/ Q; are involved for positive values of Ko and Kg. : 

It is worthy of note that the only distinction between the Square and roun 
junctions is manifested in the different values (in general lower*) of Ke re- 
quired for the latter. Otherwise, the application of Eqs. (14) and (15) is a 
ly the same for both shapes. i 

Deflecting Devices.—Several deflecting devices as illustrated in the i 
in Figs. 15 and 16 were installed for the purpose of reducing pressure los: 
at square and round junctions. The results of the tests on these devices 
also presented in the figures. 

Several conclusions can immediately be drawn from these graphs and © 
others were based on test results which are not included in Figs. 15 and 1 

Corner deflectors intended to turn the flow from the lateral and reduc 
impingement on the through flow, as incorporated in Devices No. 8 and 11 
(Fig. 15), were generally ineffective in reducing pressure losses. In 
Device No. 8 had an adverse effect on the lateral pressure loss for large 
values of Q3/ Q; due to the throttling effect at the deflector. , 

Rounding or shaping of the junction bottom also proved to be ineffectiv 
As evidenced by Device No. 15 (Fig. 16), the pressure loss for the upstre; 
main was markedly increased by the rounding when most of the flow was 


*This point is more amply proved by data not included in this paper. 
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Fig. 15. Results for deflector devices in square junctions. 


ied by the lateral: This was ascribed to the tendency of the rounded 

m to deflect the jet from the lateral upward thereby causing the jet to be 
3ed more thoroughly than it was without the rounding. 

vice No. 16 (Fig. 15) exhibited some reduction in the lateral pressure 
when almost all the total flow was carried by the lateral. However, at 
‘values of Q3/Q, with V2 > V3 the loss was increased over that prevail- 
ir the same Gide sizes without the deflector. 

mple wall-type deflectors, extending from the side of the upstream pipe 

» downstream pipe and therefore at an angle of about 10° with the through- 
senterline, as exemplified by Devices No. 14 and 25, proved to be the 
effective of those tested. The curves shown in Fig. 16 are plots of Eqs. 
nd (15) applied to values of Ky and Ko from Figs. 10 and 11, respectively. 
icant reductions in the lateral pressure loss resulted from their use 

ut the adverse effects exhibited by the other devices previously discussed. 
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Deflector walls parallel to the downstream pipe and without bottom roundi 
were also tested in square junctions. These appeared to be only slightly 1 
effective in the reduction of pressure losses than the 10°-angle deflectors 
long as the junction side dimension did not exceed 1.5 D,. The parallel w 
was less effective in the large junctions. 

On the basis of the necessarily limited number of tests on wall-type de 
flectors at an angle to the downstream pipe, the lower two curves in Fig. | 
were added. The tests with parallel wall deflectors, also limited, served 
define the curve for b/D = 1.00 in Fig. 10. Reduction of Kg by angled de 
flector walls is not as great as in the case of Kg. On the basis of the tes 
available, a curve for b/D, = 1.00 was added to Fig. 11 for use in defi in 
Ko for both zero-angle and 10° deflector walls. Further reduction of Ko 
the angled deflectors does not appear justified. With Figs. 10 and 11 the: 
pressure changes in junctions with the recommended wall-type deflecto 


be calculated using Eqs. (14) and (15), just as they may be for junctions - 
without deflecting devices. Y 
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1é two series of tests in whicha rounded downstream entrance was em- 
d indicate an average reduction in Kg of approximately 0.25. A reduction 
| may be applied to both Ky and Kg for purposes of design. Diminished 
tions as greater portions of the flow are carried by the upstream main 
‘esult through use of Eqs. (14) and (15). 


SUMMARY 


addition to the quantitative results discussed previously several quali- 
conclusions of interest have been reached and are reiterated below. 
apply only to junctions in pipes flowing full with the junction open to the 
sphere. 


In expanding flow involving an upstream main aligned with a downstream 
main, shaping of the invert, rounding of the downstream entrance, and 
other similar modifications heretofore thought to be beneficial were 
found to be ineffective. On the other hand, projecting entrances to the 
downstream pipe were found not to be detrimental. 

In the case of an in-line main and a lateral, rounding of the downstream 
entrance was found to be effective in reducing pressure losses when 
large portions of the flow were carried by the lateral. However, re- 
entrant entrances did not exhibit adverse effects in such cases. 
Directly-opposed laterals should not be employed when they are expect- 
ed to carry flows having greatly different velocities. 

Horizontally offsetting such opposed laterals was found to improve 
measurably the hydraulic characteristics of these junctions. 
Loss-reducing devices were found to be of little benefit when combined 
with the offsetting of the laterals as described in 4 above. 

In square and round junctions the pressure loss is decreased as the 
junction size is decreased relative to the downstream pipe size. 

In small square and round juhctions the lateral pressure change de- 
creases as the lateral pipe size is decreased relative to the downstream 
Pipe size. In large junctions the reverse is true. 

Deflecting devices in square and round junctions were found to be quite 
effective, particularly in those involving flow only from a lateral. 

Those deflectors used with three-pipe systems were somewhat more 
beneficial in reducing the lateral pressure loss than they were for the 
upstream main. 
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Fig. 1. General layout of model system. 
Fig. 2. Ko for in-line system with 90° lateral. 
Fig. 3. Kg for in-line system with 90° lateral. 
Fig. 4. Effect of projecting and rounded entrances to downstream pip 
Fig. 5. Effect of junction width for equal-size pipes. 
Fig. 6. Results for two-pipe in-line system. 
Fig. 7. Relative mean pressure coefficients for in-line opposed later 
Fig. 8. Results for in-line opposed lateral system. 
Fig. 9. Results for offset opposed lateral system. 
my 


0. Lateral coefficients for square and round junctions with all fl 
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Fig. 11. Upstream main coefficients for square and round junctions w: 

all flow from lateral. 

Fig. 12. Results for square junctions. 

Fig. 13. Results for square junctions. 

Fig. 14. Results for round junctions. 

Fig. 15. Results for deflector devices in square junctions. 

Fig. 16. Results for deflector devices in square and round junctions. 
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FLOODS OF THE FLORIDA EVERGLADES 


Edwin W. Eden, Jr.1 


ABSTRACT 


ge areas in central and southern Florida are subject to seasonal flood- 
ince the natural streams are inadequate to remove excess rainfall during 
easons. This paper discusses major floods of record in the Everglades 
1an’s efforts to bring that area into productive use through flood and 
‘control. 


I. General 


e Everglades, in south Florida, are a vast area of low relief, only slight- 
ve mean sea level. Lake Okeechobee, the second largest body of fresh 
wholly within the United States, is located at the northerly extremity, 
jwn on Fig. 1. The Everglades lie in a very shallow trough from 30 to 
les wide, extending from the lake to the southern tip of Florida. On the 
a very narrow coastal ridge rising to a maximum of about 30 feet above 
sea level separates the Everglades from a series of coastal lagoons. 
irgest of the lagoons are Biscayne Bay in the vicinity of Miami and Lake 
hear Palm Beach. On the west, a comparatively wide, sandy area of 

ly higher ground separates the Everglades from the Gulf of Mexico and 
ices the areas known as the “Devils Garden” and “Big Cypress Swamp.” 
xttom of the trough slopes from about 14 to 20 feet above mean sea level 
sake Okeechobee to tide level at its southerly end, a distance of about 
iles. 

> surface soil of the Everglades is generally a rich organic peat or muck 
3 to 6 feet deep, with a maximum depth of about 20 feet in isolated spots. 


Discussion open until November 1, 1959. To extend the closing date one month, 
ritten request must be filed with the Executive Secretary, ASCE. Paper 2058 
vart of the copyrighted Journal of the Hydraulics Division, Proceedings of the 
erican Society of Civil Engineers, Vol. 85, No. HY 6, June, 1959. 

f., Planning and Reports Branch, Eng. Div., U. S. Army Engr. District, 
kKsonville Corps of Engrs., Jacksonville, Fla. 
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oil has been accumulated gradually over geologic time by the growth and 
of a number of water-loving plants, the most abundant of which are saw- 
;and maidencane. Under proper treatment, it can be used to produce 

r vegetables, sugarcane, and other crops, or used as improved pasture. 
ver, because of the high organic content, water levels must be regulated 
ly to minimize subsidence. 

ie fertility of the soil was recognized many years ago. Just prior to 

1 War I, land developers formed the Everglades Drainage District. That 
age district made the first serious major effort to reclaim the area and 
op it for agriculture. Four drainage canals were dug from Lake 

shobee to the east coast. Each of the canals crossed the upper portion of 
verglades and provided channels through the coastal ridge about 20 miles 
. The drainage afforded by those canals was limited by the extremely 
lopes and the cross section which could be provided with available funds. 
ver, that drainage was sufficient to permit development of lands adjacent 
Canals. Since that period, development of the northerly portion of the 
has continued at a-slow rate. 

yst of the area under consideration is included in the Central and Southern 
da Project for Flood Control and Other Purposes (see Sec. IV). 


Il. Floods of Record 


neral.—Because of the extremely flat terrain, which is only a few feet 
mean sea level, the area has been flooded frequently. Primarily, the 
ng is the result of insufficient slopes to convey floodwaters through the 
nely thick vegetative cover of the area. It is aggravated during hurri- 
when lands adjacent to open-water areas—Lake Okeechobee and the 

il lagoons—are flooded by the storm surge which accompanies such dis- 
ces. Lands bordering Lake Okeechobee have suffered major disasters 
flooding from that source, and coastal areas have experienced serious 


riod Prior to 1924.—Since much of the area under consideration was 
sloped, there are only sparse records of rainfall and water stages for 
riod prior to 1924. Because of the lack of development, flood damages 
yery light. Major floods—or hurricanes, which in this area are one of 
incipal causes of flooding—were reported in 1871, 1880, 1891, 1896, 
1901, 1903, 1904, 1906, 1909, 1913, and 1921. 

Ober 1924.—Rainfall associated with a hurricane in October 1924 was 
lly heavy; a number of areas experienced more than 20 inches. At New 
a, immediately north of the area under consideration, 23.22 inches of 

il fell in one 24-hour period. Although major flooding occurred through- 
» area, damages were low because of the limited development. ; 
tember 1926.—One of the most severe hurricanes ever recorded in the 
States occurred in September 1926. Before entering the mainland of 

a immediately south of Miami, it generated a storm surge or wind tide 
eet in the shallow coastal waters of Biscayne Bay. Damages in the 

area were concentrated in the bayfront areas and along Miami River _ 
buildings sustained heavy structural damage. Developed coastal areas 
ward and Palm Beach Counties also suffered severe damages. The path 
storm passed over the Everglades immediately south of Lake 

iobee. The storm created a wind tide in Lake Okeechobee which 
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overtopped local levees at the southwesterly end of the lake, drowning abo 
250 people in the vicinity of Moore Haven and causing almost complete de: 
struction of property in the areas affected. Flood-damage estimates were 
not available, but damages probably reached $2 million or more, on the ba 
of present values and degree of development at that time. 

September 1928.—The storm of September 16-18, 1928, an extremely v 
lent and destructive hurricane, originated in the Cape Verde Islands and 
entered the mainland of Florida on September 16 at West Palm Beach, cre 
ing directly over Lake Okeechobee (shown on Fig. 2). As the storm strucl 
lake, winds in the initial phase were from the north, driving the lake wate’ 
to heights of more than 12 feet above the stillwater level. About 2,400 pez 
were drowned and practically all buildings in the vicinity of Belle Glade w 
destroyed when levees in that area were breached. Four to six hours late 
because of the movement of the storm, the winds shifted from north to sot 
The high tides shifted in response to the change in wind direction and sevé 

. high-water conditions. were created at the northerly end of the lake near f# 
town of Okeechobee. During the storm, over 2,000,000 acres of land were 
flooded. The loss of life and property damage in the Lake Okeechobee aré 
make this one of the greatest disasters in the history of this country. No 
mates were made of the monetary losses caused by this flood but they wel 
very large in relation to the limited development of that period. The Red 
Cross alone reported an expenditure of $2,700,000 for emergency relief. © 

September-October 1929,.—Heavy rainfall flooded developed urban area 
along the east side of the Everglades. Low-lying developed areas near M 
and Fort Lauderdale were flooded for as long as 105 days. Although no ds 
estimates were made, this was one of the most severe storms of record i 
the area from the standpoint of depth, area, and duration of flooding. ! 
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e-September 1930.—The summer of 1930 was unusually wet, with over 
1¢s of rainfall reported at a number of stations in June. Conditions 
ggravated September 7-11 by a severe storm which deposited an 

€ of about 6 inches of rainfall over the area. Large areas were flooded, 
7-June 1936.—During that period, about 8 inches of rainfall over a large 
1 of the area caused extensive damages, 

il 1942.—An unusual rainstorm on April 16 and 17 dumped between 15 
inches of rainfall on the east edge of the Everglades between Miami 

‘st Palm Beach. Damages (1942 price levels) caused by flooding of de- 
1 agricultural areas were estimated at $2 million. 

ember 1945.—A severe hurricane entered Florida near Homestead, at 
therly end of the area. The heavy rainfall associated with the hurricane 
an estimated 2,000,000 acres and caused damages of about $15 million 
rice levels). The existence of the Lake Okeechobee levees prevented 
w of the lake with possible subsequent loss of life, although the wind 
perienced was comparable to that witnessed during the 1928 hurricane. 
ember-October 1947.—The flood of September-October 1947 is the 
evere and extensive of record in the area under consideration. It was 
by an abnormally wet summer followed by two hurricanes—the first on 
ber 17-18 and the second on October 9-15. A number of rainfall 

3 along the easterly edge of the Everglades near the coast reported 
rainfall of over 100 inches, which is 40 inches greater than the normal. 
yn on Fig. 3, about 3,000,000 acres of land were flooded for several 

, About 100,000 acres of developed farmlands in the agricultural area 
f Lake Okeechobee were inundated by the heavy rainfall which was aug- 
by overland flow from adjacent areas. Emergency flood-protection 

€s were required to prevent flooding of the towns of Canal Point, Belle 
and Pahokee by runoff from high lands lying nearer the east coast. 

18 (1947 price levels) in the agricultural area were estimated as 


Estimated flood damages (1947 price levels) --1947 flood 
Agricultural area south of Lake Okeechobee 
Sei ES BOUL OL Lake COREE cnodes 


I 
ct damages 


nes and buildings------------------------- $486, 000 
reets and roads---------------------------- 392, 000 
ms and improvements---------------------- 3,293,000 
stle and pasturelands--------------------- ces 
sfU8 =--------~--~~----------.---.---------- 13,000 
$4,893,000 
‘ect damages 


rgency flood measures (including 
moval of livestock) and loss of 


PROCES ANd WAGE -<—e- anna nnn nnn nmnm nnn cannnwwncwnmn ~ 3,425,000 
otal estimated flood losses------------------------- 8,318,000 
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The 1947 flood also inundated developed areas along the east side of the 
Everglades. A good flood-damage survey by the Corps of Engineers est 
the following damages in that area: 


Estimated flood damages (1947 price levels)--1947 flood 


East coast area 


Direct damages 


Homes and buildings-------------------------- $8, 513,000 
Streets and roads---------------------------- 1,185,000 
Farms and improvements----------------------- 1,417,000 
Farm operation 
Beef cattle-------------------------------- 705,000 
Dairy cattle------------------------------- 1,827,000 
Citrus ------------------------------------- 10,997,000 
——" $2, 6a 
Indirect damages 
Emergency flood measures and loss of 
business and wages------------------------------------- 17,2519 
Total estimated flood losses------------------------ 41,895, 


’ 


The total losses in the Everglades area from the 1947 flood amounted to 
than $50 million. 4 
September-October 1948.—The severe flood losses of 1947 were repe 
in September-October 1948 when the area again experienced two hurrica 
following a wet summer. The area flooded was approximately the same 
that flooded in 1947, although the rainfall was slightly heavier in the sou 
portion of the area. A flood-damage survey indicated that damages we 
slightly less, since sufficient time had not elapsed for complete redevel 
ment. 


August-October 1949.—A hurricane of unusual violence entered the n 
land of Florida near West Palm Beach, passing northeast of Lake Okee 


on August 24, Rainfall associated with the storm was not as severe as 1 
usually experienced. However, rainfall in September was above normal 
some flooding occurred. Damage within the Everglades area was smal’ 

September-October 1953.—Accumulation of floodwaters from the aln 
daily showers over a period of several months caused flooding of undev 
areas. The completed portions of the Federal flood-control project (se 
chap. IV) gave partial protection to many areas and prevented about 
$13,000,000 damages (1953 price levels). 

January 21-22, 1957.—Very heavy rainfall was experienced on Janua 
22 over the northeasterly portion of the Everglades between Fort Laud 
and West Palm Beach and extending to Lake Okeechobee. A gage locate 
mediately west of West Palm Beach recorded 21.5 inches of rainfall. 1 
average rainfall over 2,800 square miles was 2 inches or more. Princ 
damages were to winter vegetable crops nearing harvesting stage. Tot 
damages were estimated at $9,025,000 (1957 price levels). Operation ¢ 
pumping facilities provided under the Central and Southern Florida Pr 
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instrumental in preventing an estimated additional $7,500,000 damages. 
ecember 1957-January 1958.—Unseasonal rains were experienced over 
loped winter-vegetable areas located between West Palm Beach and Lake 
chobee. Average rainfall over 2,000 square miles exceeded 4 inches; 
naximum observed was 11 inches, at Pumping Station 5A of the Central 
Southern Florida Project. Total flood damages were estimated at 

17,000 (1957 price levels), while operation of the Central and Southern 


ida Project prevented additional damages estimated at $8,840,000 (1957 
> levels). 


Il. Flood Problem 


eview of the flood history of the Everglades clearly indicates that the 
r cause of periodic flooding is the extremely flat terrain coupled with the 
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heavy rainfall experienced in the area. Around the shores of Lake Okeeck 
and in the northerly portion of the Everglades, the flooding was tremendot 
increased by overflow from the lake caused by wind-driven tides prior to 
construction of the existing levees. The severity, extent, and duration of 
flooding have been sufficient to retard development. 

In order to obtain some quantitative appraisal of the flood potential, the 
characteristics of rainfall and wind-tide flooding must be studied individu: 


a. Rainfall 


The area is subject to wide seasonal variation in rainfall. About two-t 
of the average annual rainfall of from 50 to 60 inches occurs during the w 
season—June through October. The mean annual isohyets for the area she 
on Fig. 4 have been estimated from data collected by the United States 
Weather Bureau. Seasonal changes in types of storms are closely associ 
with variation in rainfall. During summer, which is the normal rainy sea 
frequent general thunderstorms produce a large portion of the rainfall vol 
over large areas. This is supplemented by hurricanes, which are the mo} 
spectacular producers of heavy precipitation inthe area. They are often 
companied by very heavy rainfall near the periphery of the hurricane cent 
with moderate to heavy rainfall extending a considerable distance and wit 
lighter rainfall over wide areas. Because of their comparative infrequem 
and the limited area of high precipitation, their overall contribution to wa 
supply is far less than that from other types of rainstorms. However, the 
record indicates that hurricanes in the past have occurred in a large port 
of the flood-damage periods. In any event, the occurrence of severe hurr 
canes during seasons when non-hurricane rainfall has been unusually lars 
naturally results in excessive flood damages in the area. The tidal floodi 
around the shores of Lake Okeechobee caused by wind tides is a special f 
problem which is analyzed separately. 

Analysis of United States Weather Bureau records indicates that there 
a number of storms which can be used to estimate the maximum volume 
precipitation which can be expected at infrequent intervals. The critical 
storms were found to be centered somewhat north of the Everglades but f 
a meteorologic standpoint are considered to be transferable to that area. 
maximum rainfall depths for the more critical storms are as follows: _ 


Critical maximum rainfall depths (inches) ‘ 


Trenton Greenacres Ci 
October 1941 April 19h2- 


Station;Average over jStation |Average — 
amount |200 sq. miles 


New Smyrna 
October 1924 


tation|Average over 
amount }200 sq. miles 


Duration* 


a 
13.6 12,2 12.9 9.6 5 as F 
ek 23.2 20.8 30.0 eu 4 15.6 1 
Days 
2 23.8 2 35.0 29.0 18.9 15% 
5 27.9 25.0 35.0 29.2 20.3 16. 


*Kainfall amounts for less than 6 hours' duration were not est 
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Since the record indicates that many of the flood-damage periods were th 
sult of prolonged seasonal rainfall, the critical rainfall over longer perio 
must be considered. The following tabulation indicates the rainfall which 
occurred over longer durations within the Everglades area. 


Maximum rainfall depth-area-duration data Florida Everglades 


Maximum rainfall depths { 


Storm period Duration Storm Aves 
center 
10 100 13s 
sq. miles sq- miles sq.@ 
April 17, 1942 18 hours Greenacres City 15.4 12.5 7 
Sept. 4-6, 1933 3 days Clermont ay We: L733 15 
June 8-17, 1901 10 days Hypoluxo 19.4 19.2 1€ 
Nov. 1-10, 1932 10 days Canal Point 2k .7 20.4 13 
Oct. 4-23, 1924 20 days Jupiter ete 6 25.4 2¢ 
May-June 1936 30 days Everglades 26.0 25.8 al 
JoneeJuly 1945 30 days Mountain Lake 28.0 27.6 25 
July=0ct. 1948 90 days 40O-Mile Bend, Terex) 4h 6 4] 
Tamiami Trail 

June-Oct. 1947 5 months Lake Worth 74.0 68.3 5¢ 
MayeNov. 1947 7 months Greenacres City 101.1 92.0 ii: 
Feb. 1947—Jan. 12 months do. 125.0 135.0 9f 
1948 | 


‘ 


United States Weather Bureau data and standard statistical procedure 
used to determine the frequency at which a given depth of rainfall could’ 
pected. The available record at Homestead, Florida—in the southeaster. 
portion of the Everglades—was used for the study. Rainfall records ing 
Everglades are practically nonexistent except for recent years; therefo 
long-term periods it was necessary to use records from stations locate 
the coastal ridge. The frequency of a given depth of rainfall during 1, 
and 30 days is shown on Fig. 5. It can be seen that about 32 inches of 
in 1 month can be expected about once inevery 100 years and that 24 in 
in 1 month can be expected once every 10 years. 


b. Tidal Flooding 


In the area adjacent to Lake Okeechobee, the flood problem is com 1 
by the tidal action of the lake due to wind. The shallow bottom topogray 
the lake, which is similar to a huge saucer about 40 miles in diameter 
about 14.0 feet deep at the center, presents practically the optimum co 
for the development of such tides. Because of those conditions, the bet 
of the lake surface has been used to develop basic theoretical relation 
between the wind duration and velocity and the tidal action. 

In the period 1901 to 1957, there were about 22 hurricanes with wi 
75 miles an hour that crossed the Florida coast. Of those hurricanes, 
passed within 50 miles of Lake Okeechobee, near enough to exert an in 
on the water surface of the lake. Data on each of the storms are give 
following table and the approximate paths are shown on Fig. 6. 
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Hurricanes affecting Lake Okeechobee 1901=1957 
nee, 1901-1957 


Nearest Minimum central 
ee Date distance to pressure soe pie 
: lake (inches of mer- a 
(miles ) cury) (2)  (m.p.h.)(2) (3) 
i Sept. 12, 1903 5 29.47 78 
II Nov. 12, 1904 Xe) 29.08 78 
TT. June 17, 1906 25 29.46 75+ 
IV Oct. 20, 1906 10 29.26 715 
V Oct. 18, 1910 30 27.80 8h 
VI Oct. 20, 192) 50 28.80 100 
VII Dec. 1, 1925 50 28.90 75+ 
VIII July 27, 1926 50 28.80 89 
Ix Sept. 18, 1926 50 27.61 110 
x Sept. 16, 1928 0 27.62 alas 
XI July 30, 1933 0 29.37 85 
pcr Sept. 3, 1933 () 27.98 101) 
XIIT Sept. 15, 1945 35 28.09 99 
XIV Sept. 17, 1947 35 21s9e 103 
xv Oet. 123 1947 50 29.27 86 
XVI Sept. 22, 1948 ) 28.42 85 
XVII Aug. 26, 1949 0 28.17 122 
(VIII Cte ly. 1950 (e) 28.20 122 


“ES: (1) Index numbers refer to figure 6. 
(2) Extremes recorded. 
(3) 5- or 10-minute average, as available. 


an be seen that hurricanes have occurred during each month for the 
June through November, the earliest one of record occurring on June 
the latest December 1. The largest number has occurred in September 
tober, with 7 and 5 storms, respectively, occurring in those months 

the 57-year period for which records are available. The seasonal oc- 
ce roughly coincides with the normal wet season, although, as explained 
*, hurricanes contribute only a portion of the average annual rainfall. 
magnitude of the wind tide or setup caused by winds has been found to 
nection of average wind speed over the lake surface, rather than the 

- wind speed found within the storm. Thus the wind tide or setup also 
with the diameter of the circle encompassing the maximum winds. An 
ely small hurricane, though violent, would not create as high wind tides 
id larger but less intense storms. Analysis of the storms of record 

es that the most critical condition in Lake Okeechobee would be created: 
rricane whose radius of maximum winds was about 20 miles. (A small- 
us, more intense hurricane would be more severe for smaller lakes.) 
maximum wind tides of record on Lake Okeechobee were recorded 

the 1928 and 1949 hurricanes when the water was raised from 10 to 12 
ve stillwater level. A similar drawdown is experienced along the 
irectly opposite the setup. The setup occurs very quickly; during the 
26, 1949, storm, for example, the water rose on the southeast shore 

e of over 2 feet an hour and fell at a slightly more rapid rate. Thus 
ding from wind-tide action is sudden, with the water overflowing the 
res rapidly, if unrestrained by levees, which accounts in part for the 
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extreme loss of life that was experienced before levees were constructed 
confine the lake. 

The wide, grassy areas of the lower Everglades have also experiencet 
hurricane winds. However, where the dense vegetation prevents or reduc 
effective frictional contact between the wind and the water surface, only : 
minor amount of setup results. 


IV. Flood Control Projects 


Lake Okeechobee Flood Control Project 


After the disastrous floods and hurricanes of 1926 and 1928, Congress 
authorized the construction of a levee around the south and east shores 0 
lake to prevent a recurrence of the loss of life and property which occur! 
during those storms. In addition, the two main outlets from the lake—St, 
Lucie Canal and Caloosahatchee River—were enlarged to permit more ef 
fective control of the lake levels. The levee encircled the lake from Mog 
Haven to Port Mayaca, at the entrance to St. Lucie Canal. It included all 
developed area except the town of Okeechobee. That town is located on § 
ly higher land and hence is not exposed to the full threat from wind tide. 
project (shown on Fig. 7) was authorized in 1930 and constructed during 1 
following decade. Since completion, the project levees have successfully 
tected adjacent developed lands from inundation by lake waters. 


Central and Southern Florida Flood Control Project 


Because of their high production potential, the rich lands of the Everg 
continued to develop. During World War II, because of high agricultural 
prices and demand, development was accelerated and vast acreages weré 
proved for the production of winter vegetables and as improved pasture 
ever, there were other problems in the use of land, such as the excessiv 
subsidence of the soil and actual burning of the soil when recession of 
water table permitted it to dry out. In 1935, thousands of acres caught 
and the muck soils above the ground-water table were consumed. After 
excessive flood losses of 1947 and 1948, Congress authorized an extensi 
the Lake Okeechobee project, and the Central and Southern Florida Con’ 
Project came into being. The project—now under construction—will prot 
the facilities required for water control, removal of or protection agains 
floodwaters, supply of water for agricultural areas, control of water ley 
prevent excessive loss due to subsidence, and a number of allied purpos 
improve utilization of the lands for man and wildlife. The portion of the 
_ Everglades which could be considered as usable for long-term agricultt 
being provided with the facilities required to decrease the flood hazaré 
that area of over 1,100 square miles immediately south of Lake Okeeche 
a major canal network served by pumps was provided since ground sloy 
not adequate to remove water by gravity. The pumping stations, which 
among the largest low-head stations in the world, can remove three-fou 
inch of runoff a day from the drainage area. That removal rate require 
total installed capacity of over 20,000 cubic feet a second. 

Lands which can be profitably used for long-term agriculture are al: 
found along the easterly and westerly sides of the Everglades. In those 
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the project will provide the drainage system required for agricultural u 
depending upon gravity flow wherever possible. 

In the central portion of the Everglades, the peat and muck soils are 
shallow or fluid to be developed economically. The project uses those a 
for the storage and conservation of water so that adjacent lands will hav 
quate supplies during periods of deficient rainfall. Three major consem 
areas with an aggregate area of over 1,400 square miles are provided w 
the project for that purpose. Those areas will remain in their wild stat 
water levels regulated to permit maximum use for wildlife and conserva 
They provide a convenient outlet for excess water from the area propost 
agricultural development. There are plans underway by the United State 
and Wildlife Service and the Florida Game and Fresh Water Fish Comm 
to develop the areas to conserve fish and wildlife resources and to provi 
recreational facilities. In the southerly portion of the Everglades, the N 
al Park Service has created the Everglades National Park so that the na 
beauty and wildlife resources will be preserved for the future. The utili 
of the central portion of the area as a natural floodway will permit maxi 
development for those purposes. The overall plan is shown on Fig. 8. 

The Central and Southern Florida Project will go a long way toward 1 
ing the flood hazard on usable lands which will be developed and controll 
water levels on the remainder to maintain its natural state. 
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NORTHEASTERN FLOODS OF 1955: FLOOD HYDROLOGY2 


Closure by Elliot F. Childs 


JOT F, CHILDS, 1 M. ASCE:——The author appreciates the interest 

ated in flood frequencies. Various methods of analyses and discus- 

nm this controversial subject will continue to plague hydrologists for 
ime. 

ration of floods into types and causes is apparently gaining in popu- 
ind is being accepted by many. Mr. Beard demonstrates the result of 
ting flood records into two categories: hurricane and non-hurricane. 
itional segregation for the New England area, which would Statistically 
2 the discharges during the spring snowmelt period, is also considered 
le. In fact, the spring runoff peak is the only truly annual event. It is 
inty in New England that the springtime will produce some significant 
river discharges, which will provide a frequency statistic every year. 
remaining non-hurricane and hurricane floods may not occur every 
However, some years there may be several events in each category 

h event should be compiled. This partial duration array is considered 
al when the flood-frequency relationship is used for economic analyses 
| control measures. 

author favors the method of segregating floods into types and causes 

r to arrive at an envelope or composite frequency curve. However, it 
ected that approximately the same envelope curves have been obtained 
‘s 3 and 4 of the author’s paper by use of the high skew coefficient of 
plication of such high skew coefficients probably is not statistically 
out it has the effect of bending the frequency curve to correspond to 
obtained by segregation. 

writer concurs with Mr. Williams that there is considerable merit in 
ing dimensionless frequency curves in terms of an index flood which 
the annual or 5-year flood. However, a regional or composite curve 
ency plotted versus flood magnitude expressed as a ratio of the mean 
lood, has to be used cautiously in the New England area. Although 

l features of basins may be comparable, their location relative to 

hic influences on storm rainfall is important. Hydrologic investiga- 
the New England area indicate that certain watersheds are prone to 
ig heavier rainfall amounts than other areas of apparently similar 
phic characteristics. 

Foster is quite correct in his reference to the confusion in relating 

2 maximum precipitation and the maximum possible flood. The Corps 
leers has adopted the term probable maximum flood, but long usuage 


. Paper 1663, June, 1958, by Elliot F. Childs. 
Hydrology and Hydr. Section, U. S. Army Eng. Div., New England, 
1am, Mass. 
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of the earlier terminology has created some confusion. The author inad\ 
tently used the former terminology in his paper. 

Methods employed by the Corps to revise flood frequency curves sinc 
1955 flood lead to much higher increases in annual flood losses than note 
Mr. Foster. Plate No. 3 in the author’s paper shows revisions in the flor 
frequencies on the Naugatuck River at Naugatuck, Connecticut. Similar ¢ 
have been developed for numerous “damage zones” extending the entire l 
of the Naugatuck River. A typical damage zone in Waterbury is selected 
illustrate the effect of the frequency revisions on the annual flood losses, 

Using conventional methods known to flood control economists, curves 
(a) stage-damages, (b) stage-discharge, and (c) discharge frequency, are 
lated to obtain damage-frequency curves. The area under the damage- 
frequency curve, when damage is expressed in dollars and the frequency 
percent chance of occurrence in a single year, is the annual flood loss. } 
ing all relationships constant, except the flood frequencies, results in chi 
in annual flood losses shown in Table A. The table is also divided to sho 
changes within different frequency ranges. It may be noted that the annu; 
flood loss for this particular zone increased 2.7 times merely by the rey 
in frequency relationship. This demonstrates the importance of flood fre 
quencies on flood control economics and emphasizes the need for consist 
frequency relationships that may be used with confidence in economic 

In 1940 the Corps of Engineers proposed a flood control reservoir at 
Thomaston in the upper Naugatuck River Bason. At that date the project 
a favorable benefit-cost ratio of 1.12, but due to local opposition the dam 


TABLE A 3 
ANNUAL FLOOD LOSSES q 


NAUGATUCK RIVER AT WATERBURY, CONNECTICUT 


Zone 15b 


Frequency Ranges in 
percent chance in a 


single year 


100 to 5 percent $218,000 $280,000 
(1 to 20 years) 


Records to 1950 
Skew = 0 


5 to 1 percent. 
(20 to 100 years) 66,000 116,000 


Tess than 1 percent 


(above 100 years) 39,000 85,000 416,000 _ 
Total anmal flood losses $323,000 $81,000 $873,000 


(a) cee to designation on Plate No. 3 for Naugatuck River at Naugatuck, © 
onne 


(b) The losses experienced in the August 1955 flood in Zone 15b amounted to 
$145 000,000. Sa 
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vonstructed. Following the flood of August 1955, which caused $230,000,000 
age in the Naugatuck River Basin, revisions in the hydrologic analysis, 

aisals of damages, and new cost estimates of the dam, lead to a re- 

efit-cost ratio of 5.6. The change in the flood frequency relationship 

jor part in this increase. The Thomaston Dam is now under con- 

ion. 
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WAVE FORCES ON SUBMERGED STRUCTURES® 
Discussion by John B. Herbich 


JHN B. HERBICH, A.M. ASCE.—This paper is a welcome addition to 
-e literature dealing with wave forces on submerged structures and the 
rs are to be congratulated on obtaining the experimental data and analyz- 
le problem. Anyone who has been connected with obtaining experimental 
in wave channels realizes the difficulty in getting reliable data. Wave 
ctions from curved walls of the wave tank and from the submerged ob- 
and the presence of traverse wave superimposed on the incident wave, 
fect the experimental data. 
ie writer would like to draw attention to the phenomenon of the transverse 
s which apparently were observed in many wave tanks. The presence of 
verse waves prevents taking the data on a continuous basis i.e. it is only 
ble to run the wave generator for short periods of time and delays occur 
) waiting between tests for the wave tank to quiet down. The writer had 
nce to observe the formation and gradual build-up of transverse waves 
g a project conducted for the David Taylor Model Basin of the U.S. De- 
1ent of the Navy. (1) Observations which were made in a 9 ft. wide, 6 ft. 
and 253 ft. long wave tank indicated that the most violent transverse os- 
ions occurred when the generated incident wave was equal to the width 
wave tank. In this case the transverse wave height was observed to be 
xXimately equal to twice the incident wave height. The transverse waves 
also of appreciable height for wave length equal to 3 ft. (or 1/2 width of 
12 ft. (twice the width of tank) etc. If generation of waves was allowed 
itinue for a long time it was observed that the buildup of transverse 
3 continued until a maximum was reached. 
definite transverse wave pattern was observed on the sloping beach of 
he impermeable and permeable wave absorbers installed at the down- 
m extremity of the wave tank. This pattern which showed the crests and 
ns of the transverse wave, depended, of course, on the length of the in- 
t wave generated. When a series of plates were installed vertically on 
oping beach of absorber in the direction parallel to the channel walls, 
ansverse wave pattern was still present. This would appear to indicate 
1e absorber was not causing the generation of transverse waves. It does 
em that the transverse waves are set up by the wave generator either, 
se such transverse waves were observed in wave tanks equipped with 
is types of generators, i.e. plunger, plate or pendulum type. The 


oc. Paper 1833, November, 1958, by E. F. Brater, J. S. McNown and 
D. Stair. 
st. Prof. and Chmn. of Hydr. Div., Lehigh Univ., Bethlehem, Pa. 
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transverse waves or the transverse disturbance as this phenomenon shoul 
perhaps be called occur in different size or width channels and suggest tl 
the problem is a hydrodynamical one. It is hoped that this problem will b 
investigated both analytically and experimentally as a solution of this pro 
would be of great value to all the wave tank experimenters. ; 
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SNOWMELT RUNOFF2 


Discussion by Francis T. Schaefer 


RANCIS T. SCHAEFER.! —The purpose of the paper is to demonstrate the 
cability of an energy budget method of computing snowmelt runoff fora 
age basin for which the usual observational weather data are available. 
sSess the accuracy of the results obtained by this method, the authors 
ute daily discharges for a gaging station on the Big Eau Pleine River 
Stratford in central Wisconsin, and compare them with the daily dis- 

ses published by the Geological Survey. For periods of ice breakup when 
arges from the two sources do not agree, the authors conclude that the 
‘ds of the Geological Survey are in error. In the writer’s opinion, some 
authors’ conclusions are based upon incorrect assumptions as to the 
behavior of ice. The procedure used by the Survey-is not as arbitrary 
plied by the authors, but makes use of considerable information not 
ficaliy mentioned by them. 

€ Stratford gage is a continuous recorder in a reinforced concrete house 
ell 15 feet upstream from a highway bridge. The bridge is a deck-type 
ture in two spans with a total length of 162 feet between abutments. One 
S located near the center of the channel. A single span railroad bridge 
ated about half a mile downstream and the river curves in a semicircle 
en the bridges. The streambed has exposures of bedrock, deposits of 
ent, and some scattered boulders. High water and ice result in move- 

; of the bed deposits, causing minor control shifts that are usually ef- 

e only at relatively low stages. The river has had a range in discharge 
, the period of record from no flow to 41,000 cfs with a corresponding 
in stage of about 22 feet. Drainage area at the gage is 224 square 

nter flows are usually low, and are commonly less than 10 cfs. Ice may 
securely anchored to the banks and to the bed. The water may at times 
irough one or more channels restricted by ice on the sides, under a 

» of ice not in contact with the water, or completely enclosed by ice and 
pressure greater than atmospheric. Water has also been observed 

g under and over the ice, and with various combinations of the condi- 
ust described. For these reasons the explanation that the increased 
caused by ice is related to the thickness of ice supported by the water 
lom if ever correct. A few examples from field measurements are as 

S: << 


c. Paper 1834, November, 1958, by J. Harold Zoller and Arno T. Lenz. 
trict Engr., U. S. Geological Survey, Madison, Wis. 
4 . 
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Date Ice thickness, in feet Indicated backwater, in fe 
Jan. 22, 1940 0.4 to 0.7 0.13 
Feb. 20, 1940 0.05 to 0.65 1.45 
Dec. 13, 1951 0 to 0.3 0.41 
Dec. 17, 1958 0.5 to 1.0 0.34 


In order to synthesize the discharge figures to agree with those comput 
from the energy budget data, the authors assumed that the backwater from 
at the breakup would be about equal to that determined from previous mea 
urements and never more than 1.65 feet. To disprove this assumption is ¢ 
ficult for any given station for a specific breakup period on the basis of fi 
measurements. This is because it is usually not possible to make current 
meter measurements during periods of incipient or heavy ice movement. 
However, on various occasions throughout the years and at scattered loca’ 
the Geological Survey has accumulated measurements, during such periods 
that definitely indicate the backwater variation trend to be expected during 
breakup periods. Results for two Wisconsin stations are reasonable exan 
of typical change in backwater. During the winter of 1950 on the Little Wwe 
River at Royalton current meter measurements of 100 to 300 cfs indicate 
backwater effect of 0.18 to 1.24 ft. whereas a current meter measurement 
tained during the breakup at a flow of 3,400 cfs indicated a backwater effe 
4.26 feet. During the winter of 1943 on the East Branch Fond du Lac Rive 
current meter measurement of 13.3 cfs on February 8 indicated a backwa 
effect of 0.50 foot, whereas a later measurement on March 16 at a flow of 
1,350 cfs indicated a backwater effect of 5.69 feet. During the 1959 break 
period, observations were obtained on several Wisconsin streams where 
backwater from ice increased from a few tenths of a foot for flows in the 
50 cfs range to more than 3 feet for flows of 1,000 cfs or more. These c 
ditions occurred on Yellowstone River and Grant River in southwestern 
Wisconsin. Numerous other examples could be cited to support the gene! 
conclusion that as ice breakup and movement commences, the backwater, 
ice index, increases appreciably over that defined by prior discharge me 
urements. : 

The experienced engineer uses the recorder graph as an index to the ’ 
ation in backwater during breakup. Changes in slope and erratic fluctuat 
in stage are parameters used in the extrapolation of values from the con 
points established by the actual current-meter measurements. The reca 
charts, together with temperature graphs, precipitation records, and fiel 
notes on stream conditions made by Geological Survey engineers and the 
observer furnish the best available index to flows during breakup period: 
Jams, of course, affect the backwater conditions radically and erraticall 
Though it is stated rather indirectly that jams do not occur at Stratford 
the engineers as well as the local observer have observed jams at this § 
on various occasions. Specifically, they have been noted in fairly recent 
in 1938, 1939, 1942, 1944, 1946, 1949, and 1950. Others, which have gon 
observed, have most certainly occurred. This is evidenced by the rapi 
tuations in gage height recorded during periods of ice movement when it 
not logical to attribute such fluctuations to changes in inflow or snowme 
rates. 

Figure 1 was prepared from the recorder graph for the March 1945 1 


up period as an example of the erratic fluctuations that occur as the ice 
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FIGURE | GAGE-HEIGHT GRAPH OF ICE BREAKUP PERIOD 
_ BIG EAU PLEINE RIVER NEAR STRATFORD, WIS. 
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breaks, jams, and eventually moves out of the control reach. Because of tl 
reduced scale necessary for this illustration, some of the fluctuations are. 
as evident as they are on the original recorder graph. However, it seems, 
parent that the rapid fluctuations in stage cannot logically be considered to 
result from corresponding changes in inflow rates. Therefore, the backwa 
on March 16 must have been variable and could not have remained at 1.65: 
throughout the day as implied by the authors. The authors discussed the di 
charge and ice indexes for March 17, 1945; obviously, March 16, 1945, was 
the day in question. 

It is entirely possible that published discharge records for breakup per 
may on occasion be considerably in error. In the computation of these rec 
ords, however, all available data are carefully evaluated in order to arrive 
the most reasonable estimate of the flows at the gaging station. The exper 
ence of the U. S. Geological Survey indicates that no single method such as 
ice-index method proposed by the authors, or the discharge-ratio method 1 
authors attribute to the Survey, should be used as the only tool for comput 
discharge during periods of ice breakup. 
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(—ETEOROLOGICAL ASPECTS OF STORM SURGE GENERATION® 


Discussion by J. R. Bowman 


: BOWMAN, ! A.M. ASCE.—Mr. Harris has given us some insight into 
er of the meteorological parameters entering into the prediction of 
onditions that are associated with the passage of tropical storms. His 
ation of a few equations and generalized statements, however, belies 
plexity of the problems involved in dealing with hurricanes and their 
ents. 

development of electronic computers has brought about a popular mis- 
ion that all of the complex mathematical expressions concerned with 
avior of the atmosphere can be automatically and simultaneously 
simply by pushing a few buttons. Although something of this sort may 
lly come to pass, the conversion of meteorological forecasts from an 
work of automatons will require research on the part of a great many 
minds for a great many years. Much proposed theory has yet to be 
ed. 

e absence of tested academic theory, it is customary to set up 

5” expressing the general characteristics of weather situations. A 
isually has its basis in theory that has been “boiled down” to certain 
at factors that can be evaluated by means of field observations. Table I 
ures 1 and 2 illustrate several of the elements of hurricane models. 

> I, several rather large discrepancies can be observed between the 

of the various methods used in computing the radius (R) to the region 
mum winds. In general, it would appear that somewhat more accurate 
isons could be made at some distance outside the eye, where wind and 
profiles would be less subject to extremely large fluctuations. Al- 
some of the differences in computed radii may appear quite large, they 
y fall within tolerable limits for forecasts covering large areas. 

tide patterns (Figure 4) recorded at Sandy Hook, Atlantic City, and 
tery exhibit quite similar characteristics in relation to the path of 
“icane. All of these stations recorded double tide peaks, the first peak 
yecurred just after the storm center passed offshore, probably at 

e time the wind reached maximum speed at the station. The second 
‘about equal height as the first, arrived 6 to 8 hours after the storm 
sed, at a time when 35 to 40 knot northerly gales probably prevailed. 
of tide levels reached in the New York City area during extra- 
-storms(17) has shown that the tides at the above stations are particu- 
sponsive to northerly gales. The same study also indicated that 

Point exhibits similar tide response characteristics; the writer 


. Paper 1859, December, 1958, by D. Lee Harris. 
Engr., Erik Floor & Assocs., Chicago, Ill. ® 
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suggests that this factor may account for the seemingly abnormal delay 
arrival of the storm surge at this station. 

Much attention has been directed toward the prediction of surge cond 
in coastal areas as a hurricane approaches the coast. Seldom do the fox 
casts deal with potentially severe surge effects on land-locked bodies of 
after the storm has passed inland. Actually, there are not many large il 
bodies of water that have experienced the passage of hurricanes. To the 
writer’s knowledge, only one such area (Lake Okeechobee) has been sub: 
to any detailed study; even those studies were not initiated until after th 
September 1928 disaster in which 1800 lives were lost. Pamlico Sound, 
extreme eastern part of North Carolina, has experienced hurricanes om 
every two years, on the average. This sound has a surface area of abou 
2,000 square miles, and drains an additional area of 25,000 sq. mi. in N 
Carolina and Virginia. It is bounded on the west and north by the mainl 
and on the east and south by natural sand barrier reefs known as the Ou 
Banks; Cape Hatteras is situated at the juncture of the north-south and ¢ 
west banks, and the Weather Bureau’s powerful radar station is located 
two miles west of the cape. The shoreline of Pamlico Sound is indented 
the estuaries of several inland rivers and by a few natural inlets, three 
which are considered permanent and provide the sound with its principa 
lets to the Atlantic Ocean. The sound is somewhat irregular in shape, k 
presents open-water fetches of 20 to 70 miles over depths of 5 to 25 fee 

Winds of full hurricane force have been experienced from every com 
direction on the Outer Banks and their water environs, and many instani 
dangerously high storm tides have occurred. Two of the permanent inle 
believed to have been cut by hurricane tides emanating from the sound i 
In a few cases, storms centered a short distance offshore but traveling 
lel to the Banks have produced sound surges that left higher marks than 
ocean surges. For example, as hurricane HELENE 1958 approached C: 
Hatteras, many persons were evacuated from ocean beach areas to a ce 
situated on higher ground near Pamlico Sound. The expected high del 
beaches did not materialize, but the minor, yet unexpected, flooding of 1 
evacuation center probably caused some consternation among evacual® 
officials. 

Since the close of World War II, the Outer Banks have developed inte 
lar resort areas. Although they are not yet as intensively populated as 
Miami Beach or the Lake Okeechobee area (the latter now safe behind § 
levees), considerate forecasts of storm surge conditions in Pamlico So 
may help prevent a future disaster of the sort experienced elsewhere il 
past. 


, 
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tXPERIMENTS ON SELF-AERATED FLOW IN OPEN CHANNEL? 


Discussion by Michele Viparelli 


HELE VIPARELLI!.—This paper makes known the results of long and 
uS research. This research demonstrates that laboratory tests can be 
also in determining air entrainment by water flow. 

136, in a very important article on steep channels, Hall L. Standish(1) 
ed data collected on big hydraulic structures, but he stated that in his 
laboratory research on models would have been of small interest only 
2 the laws of similitude are not valid for air entrainment. Now it can 
that the laboratory research in Minnesota, whose results are dis- 

by the authors of the paper under discussion, and that one in Naples of 
esults were given by the writer, (2) not only succeeded in realizing 

-w apparatus of measurements, but they made clear the intimate pic- 
the phenomenon and permit also general conclusions for prototype 


innesota recourse has been made to an electric apparatus for measur- 
concentration C and to an electric and chemical apparatus for record- 
antaneous velocities in a given point of the air and water flow. The 
erage velocity v was obtained through a statistical analysis of regis- 
ita. 

ples the measured quantities are the dynamic pressure o on the tip of 
tube; discharge Q, of the water only, through a vertical strip of unit 
he discharges of air and water syphoned from a point of the current. 
re, there were used three simple hydraulic apparatus: the common 
9e, the open sampler and the closed sampler. 

Ipen Sampler, disposed at distance y from the bottom, collects the 


AQs 
ischarge Qs (y) of the current above y. The ratio q = ree gives the 


ischarge at elevation y, through an elementary unit area, whose nor- 
n the direction of the flow. The unit water discharge q has the 

on of a velocity and agrees with the average local velocity v ina 

OW. 

juantity V2g0 was found to depend on the values of ¥’7q according 
ar law. In a current of water only it is v = q = v2go. 

> closed sampler, air and water syphoned from the current became 
2d; their volumes were measured. The ratio of air volume to the 

of air plus water clearly depends on the air concentration in the point 
urement. But that ratio depends also considerably on the shape of the 
igh which air and water are sucked from the current, and on the de- 

| in the closed sampler. 


Paper 1890, December, 1958, by Lorenz G. Anderson. 
Ing., Inst. of Hydr. and Hydr. Constr., Naples Univ., Naples, Italy. 
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After many trials, in the Naples Hydraulic Laboratory for the closed 
pler here was adopted a tip with a hole opened towards the direction of t 
movement, like the tip of a simple Pitot tube. The depression in the san 
was made to assume different values, in order to obtain that one for whi 
water discharge through the hole of the tip was equal to qu, in which wi 
area of the hole and q the value of the corresponding unit discharge. Th 
ratio of air volume to the volume of air plus water so collected in the cl 
sampler was interpreted as the ratio Ct of air discharge to that one of a 
water through the unit area. In effect when water discharge through the 
is equal to qu, the flow in the point of measurement is not, or almost no 
disturbed. 

Hence for a flow of air and water it can be written 


go.aceds 
q Lt Ce 


The air concentrations, C of Authors and C; just now defined, are absolw 
different. Values of C, obtained by means of an electrical apparatus, a1 
pending on air concentration in a plain parallel to the flow; those of Ct a 
depending on the air distribution in a transversal section of the current, 
effect, the writer in Naples tried to measure air concentrations by mear 
an electric apparatus and he also obtained much larger values than thos 
measured by means of the closed sampler, as above explained. 

The Authors and the writer have both admitted that, from the transiti 
surface, particles of water are projected randomly in the overlying regi 
The measured air concentration C depends on the average number of pa 
of water that reach oe pass through any area parallel to the bottom per ' 
time, at elevation y' = y - dp (the Authors define dy the transition dept 
The parallel water concentration is measured by (1 - C), at least for va 
of C not too large. The Authors have found that (1 - C) is depending on 
according to the cumulative Gaussian probability curve. 

The writer admitted that the water particles above the transition cdl 
a constant average velocity. In this case, the Qs resulting by the prod 
average aL Ay for the number of water particles, which pass through 
normal strip y', must be distributed according to the cumulative Gauss: 
probability curve. Experimental data prove that also Qg(y') is distribu 
according to the cumulative Gaussian curve. 

The conclusions of the authors on water distribution give new proof 
hypothesis made by the writer that the average velocity of water partic 
above the transition surface assumes a constant value along a normal t 
bottom. The other proof was deduced by the writer from the law whicg 
data depend on unit discharge q. 

The authors say that the velocity of flow, measured by means of the 
chemical-electric apparatus already mentioned, decreases. above the t 
tion depth. As in their article the values of measured velocities are n¢ 
the writer thinks that the observed decrease of velocity should be very 
In this case, data referring to upper layers collected in both researche 
be considered thoroughly compatible among them. ; 

The different meanings of C and C; should merit an investigation; 
dependence of the one of the other could illuminate the relation betwee 
average local velocities and the random velocity components of turbul 

In the present case it can be stated that values of parallel concentr 
are scarcely useful in calculations referring to water discharge and 
velocity. They can mislead, because in lower layers the transversal ¢ 
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ion Cy is always much smaller than C. In Naples research Cy was found 
below the transition depth from less than 0,001 for a 11° degree slope 
0,3% for 23° and to 2 - 3%for 45° degree. According to these values 

measured values of Ponce q and v are practically equal in lower 

at least for slope less than 45 ° degree (in Naples the larger slope 

) the experimental flume was of 45°). 

‘r results of interest obtained in Naples are the following: 

wer layers the velocity distribution follows the logarithmic law valid 

oth walls if the channel walls are smooth, the law valid for rough walls 

> cases. 

depth of transition dy can be assumed as the height of the portion of 

which contributes to overcome the resistances. 

unit water discharge q at elevation y’ above the transition surface is 

y the product of the number of water particles, reaching that elevation, 

r velocity. This velocity does not vary with y’ and is equal to the 

im velocity U of the flow along y'. Consequently, q, like the number of 

articles, is distributed according to a Gaussian law. Precisely it is 


he standard deviation o was found to depend on the roughness of walls. 
t, o varies from 0.0020 for smooth walls to 0.0040 for very rough 


y'=y - dy =0, the total water discharge through a transversal strip 


r layers is U3 
Qg (0) = 0,5 v 27 o 38 . 


n the foregoing results, the writer was encouraged to draw more gen- 
nclusions than the authors did, also because the examination of data 
d by Nitchiporovich®) on the Gizeldon chute gives him the evidence that 
of laboratory research were confirmed by tests on a prototype. That 
eason why the writer summarizes here his conclusions: 
e lower layers, where water flows with air bubbles in suspension, the 
: velocity can be calculated with same formulae used in calculations 
ng to currents of pure water, at least for a slope equal or less than 45°, 
2a, the wetted perimeter and the hydraulic radius are to be computed 
ne transition surface, because the weight of water particles dispersed 
ir does not contribute to overcome the resistance at the walls. 
ontain the upper layers, the wall of steep channels must be raised 

2 
1e transition surface of a height oe , where U is the velocity of flow 
ransition surface, o the above said standard deviation, and c a constant © 
ortionality. It is convenient to give U the value of the maximum veloc- 
e section, calculated according to the knowledge on uniform flow in 
annels. 
constant c cannot be given once for all, but must be assigned in 
of the single case. In effect, because water drops are distributed 
ng to the Gaussian law, they can reach increasing heights but in de- 
g numbers. So it depends on the inconveniences, which water drops 
se, the opportunity of elevating less or more the wall. 
total water discharge results to be 
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3 
Q=nV+b0,5 V27 o % 
being 1 the area of the hydric section below d7, b the breadth of the chan 
at transition surface. 
These conclusions are acceptable if the flow in the steep channel is re 
But if the inlet or other causes produce transversal waves and irregulari 
in the flow, they fall in defect . 


REFERENCES 


1. Hall L. Standish - “Open Channel Flow at High Velocity,” Transaction: 
A.S.C.E., 1936, p. 9630. 


2. Michele Viparelli - “Fast Water Flow in Steep Channel,” I.A.H.R. Con 
tion, Lisbon, 1957. 
Michele Viparelli - “Correnti Rapide,” L’Energia Elettrica, luglio 195 
Milano. 


3. Nitchiporovich, A. A. —*Rezultati ispitivanyi bistrotoka Gizeldonskoy 
gidrostanciyi.” Gidrotehniceskoe Stroiteljstvo, No. 5, 1934. 


| 
d 
k 
4 
: 
4 
: 
ij 


79 


TWO METHODS TO COMPUTE WATER SURFACE PROFILES2 
Discussion by Bernard L. Golding 


NARD L. GOLDING, ! A.M. ASCE.—The authors are to be congratulated 
r clear, concise presentation of a simple, easy-to-understand varia- 
he “standard step method” for computing water surface profiles. 
tep-by-step solution of the sample problems, as well as their thorough 
of the basic hydraulic principles involved, should be of help to the 
i¢ engineer in the design office. 
hod A” for computing water surface profiles is quite similar to one 
ed by the writer in January, 1956 in conjunction with the first major 
ane zoning work which was done under the jurisdiction of the Flood 
Commission of the State of Connecticut as a result of the major 
f 1955 in that region. The late Boris Bakhmeteff in his textbook, 
ULICS OF OPEN CHANNELS, first defined the term conveyance, K, 
1.486 AR 2/3 

n 


e start of the flood plain zoning work almost all known methods for 

ng surface profiles (including the methods described in the Corps of 
rs MANUAL FOR CIVIL WORKS CONSTRUCTION) were tried and 

er curves were computed for various discharges on many of the 

ivers in Connecticut. However, the method using conveyance (Method . 
2d the fastest and easiest to apply and was adapted and used for all 
1ecticut flood studies. There is only one slight difference between the 
ed by Messrs. Lara and Schroeder as shown on Table 2 of their paper 
method used by this writer. Column 6 of the authors’ Table 2 was re- 
yith two columns, since it was found convenient to define a conveyance 


to 1.486AR2/° and another term Ka== . This permitted engineer- 


to do the necessary planimetering of area and plotting of conveyance 
1 curves for each section, tasks which require practically no engineer 
ment. The engineer then computed the water surface profile at a 

te assigning the value of “n” and computing Kg. 

definition of conveyance has also enabled the computation of a single 
nce curve that is applicable to almost all overbank sections. It has 
nd convenient to plot a single curve of conveyance per unit width for 
tely wide flood plain (See Figure 3). The conveyance of the overbank 
omputed by multiplying the width of the overbank region by the con- 
per unit width for the depth. This method can be used only when the 
k regions are very wide and flat, as they are along many eastern 
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S. 
e€ writer agrees with the authors that the only practical method for 
ating bend losses is to increase “n,” but feels that this may be an un- 
Sary refinement for bends where the deflection angle is less than 45°. 
liy, in attempting to reproduce water surface profiles taken from a 
y of high water marks, the writer in the Connecticut work could find no 
cation for increasing “n” except when the deflection angle was greater 
5°. The difference in travel path lengths between main channel and 
ank flow was also considered and tried in several instances (Method B). 
refinement also proved unnecessary as it did not affect the computed 
ions sufficiently. However, this may not be the case for rivers in the 
rn section of the United States. 
€ writer would like to call the attention of hydraulic engineers to the 
1ethod for computing bridge headwater losses which was recently de- 
2d by the Bureau of Public Roads. A paper on this new method titled 
ze Waterway Design” is available through the Washington, D. C. office 
Bureau. This method allows the computation of bridge head losses 
roadway embankments extend a considerable distance into the flood 
The method also uses the term conveyance as defined by the authors 
makes it very easy to apply when using conveyance in the computation 
er surface profiles. 
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SA4), 1702(SA4), 1703(SA4), 1704(SA4), 1705(SA4), 1706(EM3), 1707(ST4), 1708(ST4), 1709(ST4), 1710 
» 1711(ST4), 1712(ST4), 1713(SU2), 1714(SA4), 1715(SA4), 1716(SU2), 1717(SA4), 1718(EM3), 1719 
), 1720(SU2), 1721(ST4)°, 1722(ST4), 1723(ST4), 1724(EM3)°¢. 


: 1725(HY4), 1726(HY4), 1727(SM3), 1728(SM3), 1729(SM3), 1730(SM3), 1731(SM3), 1732(SM3), 1733 
), 1734(PO4), 1735(PO4), 1736(PO4), 1737(PO4), 1738(PO4), 1739(PO4), 1740(P04), 1741(PO4), 1742 
), 1743(PO4), 1744(PO4), 1745(PO4}, 1746(PO4), 1747(PO4), 1748(PO4), 1749(P04), 


IBER: 1750(IR3), 1751(0R3), 1752(1R3), 1753(IR3), 1754(IR3), 1755(ST5), 1756(STS), 1757(ST5), 1758 
, 1759(ST5), 1760(ST5), 1761(ST5), 1762(ST5), 1763(ST5), 1764(ST5), 1765(WW4), 1766(WW4), 1767 
), 1768(WW4), 1769(WW4), 1770(WW4), 1771(WWw4), 1772(WWw4), 1773(WW4), 1774(IR3), 1775(IR3), 
SA5), 1777(SA5), 1778(SA5), 1779(SA5), 1780(SA5), 1781(WW4), 1782(SA5), 1783(SA5), 1784(IR3)°, 
WW4)°, 1786(SA5)°, 1787(ST5)°, 1788(IR3), 1789(WW4). 


oR: 1790(EM4), 1791(EM4), 1792(EM4), 1793(EM4), 1794(EMA), 1795(HW3), 1796(HW3), 1797(HW3), 
HW3), 1799(HW3), 1800(HW3), 1801(HW3), 1802(HW3), 1803(HW3), 1804(HW3), 1805(HW3), 1806(HY5), 
HY¥5), 1808(HY5), 1809(HY5), 1810(HY¥5), 1811(HY5), 1812(SM4), 1813(SM4), 1814(ST6), 1815(ST6), 
ST6), 1817(ST6), 1818(ST6), 1819(ST6), 1820(ST6), 1821(ST6), 1822(EM4), 1823(PO5), 1824(SM4), 
$M4), 1826(SM4), 1827(ST6)°, 1828(SM4)°, 1829(HW3)°, 1830(PO5)°, 1831(EM4)°, 1832(HY5)°. 


SBR: 1833(HY6), 1834(HY6), 1835(SA6), 1836(ST7), 1837(ST7), 1838(ST7), 1839(ST7), 1840(ST7), 
S77), 1842(SU3), 1843(SU3), 1844(SU3), 1845(SU3), 1846(SU3), 1847(SA6), 1848(SA6), 1849(SA6), 1850 
, 1851(SA6), 1852(SA6), 1853(SA6), 1854(ST7), 1855(SA6)°, 1856(HY6)°, 1857(ST7)°, 1858(SU3)°. 


SER: 1859(HY7), 1860(IR4), 1861(IR4), 1862(0R4), 1863(SM5), 1864(SM5), 1865(ST8), 1866(ST8), 1867 

,1868(PPi), 1869(PP1), 1870(PP1), 1871(PP1), 1872(PPi), 1873(WWw5), 1874(WW5), 1875(WW5), 1876 

, 1877(CP2), 1878(ST8), 1879(ST8), 1880(HY7)°, 1881(SM5)°, 1882(ST8)°, 1883(PP1)°, 1884(WwWws)°, 
)©, 1886(PO6), 1887(POS), 1888(PO6), 1889(PO6), 1890(HY7), 1891(PP1). 


VOLUME 85 (1959) 


> 1892(AT1), 1893(AT1), 1894(EM1), 1895(EM1), 1896(EM1), 1897(EM1), 1898(EM1), 1899(HW1), 
HW1j, 1901(HY1), 1902(HY1), 1903(HY1), 1904(HYi), 1905(PL1), 1906(PL1), 1907(PL1), 1908(PL1), 
Ti), 1910(ST1), 1911(ST1), 1912(ST1), 1913(ST1), 1914(ST1), 1915(ST1), 1916(AT1)°, 1917(EM1)°, 
Vi)°, 1919(HY¥1)°, 1920(PL1)°, 1921(SA1)©, 1922(ST1)°, 1923(EM1), 1924(HW1), 1925(HW1), 1926 
‘-1927(HW), 1928(HW1), 1929(SA1), 1930(SA1), 1931(SA1), 1932(SA1). y 


5 1944(ST2), 1945(HY¥2), 1946(PO1), 1947(PO1), 1948(PO1), 1949(PO1) 
; os i@mne, 195267) 1098 (Bone, 1954(CO1), 1955(CO1), 1956(CO), 1957(CO1), 1958(COt), 


1960(HY3 (HY3), , 1963 (IR1), 1964(IR1), 1965(1R1), 1966(IR1), 1967(SA2), 1968(SA2), - 
T3), ree, they, Wears. een. 1974(ST3), 1975(ST3), 1976(WW1), 1977(WW1), 
Wi), 1979(WW1), 1980(WW1), 1981(WW1), 1982(WW1), 1983(WW1), 1984(SA2), 1985(SA2)¢, 1986 
1987(WW1)°, 1988(ST3)°, 1989(HY3)°. . ie 
EM? (EM2), 1992(EM2), 1993(HW2), 1994(HY4), 1995(HY4), 1996(HY4), 1997(HY4), 1 
BEN anemia eine 2002(ST4), 2003(ST4), 2004(ST4), 2005(ST4), 2006(PO2), 2007 
2008(EM2)¢, 2009(ST4)°, 2010(SM2)°, 2011(SM2)°, 2012(HY4)°, 2013(PO2)°. 
i4(AT2), 2), 2017(HY5), 2018(HY5), 2019(HY5), 2020(HY5), 2021(HY5), 2022(HY5), 
Dee oie ena ‘aat(ren, zoateen, ara), 2030(5A3), 2091(843), 
2033 (SA3), 2034(ST5), 2035(ST5), 2036(ST5), 2037(ST5); 2038(PL2), 2039(PL2), 2040(AT2)°. 
: 2042(PP1)°, 2043(ST5)°, 2044(SA3)°, : f )°, 2046(PP1), 2047(PP1). 


, 2049(CPI), 2050(CP1), 2051(CP1), 2052(CP1), 2053(CP1), 2054(CP2), a Gr 2056 
e7(WW2), sen rate ba aly ae 2073 (TR2)°, 
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